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ABSTRACT
SYNTHESIS, SURFACE TREATMENTS, AND 3D VISUALIZATION OF ANISOTROPIC
AND MULTIFUNCTIONAL RARE-EARTH NANOCRYSTALS
Stan Najmr
Dr. Christopher Bruce Murray
Rare-earth nanocrystals (RE NCs) bring the distinct optical, magnetic, and catalytic
properties of bulk rare-earth materials to a solution-processable and biorelevant size-regime. The
chemistry of the rare-earth elements also enables the bottom-up synthesis of monodisperse
anisotropic NCs with distinct morphologies. Herein, I present the synthesis of four anisotropic
rare-earth nanocrystalline systems, namely dysprosium fluoride nanoplatelets, 90Y-doped sodium
yttrium fluoride nanophosphors, etched sodium yttrium fluoride nanohourglasses, and ceriacoated palladium nanoflowers, that were elucidated through the use of a semi-combinatorial
approach for parallel solvothermal synthesis that was developed over the course of these studies.
Methodology for elementally mapping these nano-heterostructures using transmission electron
microscopy are also described herein. These systems reveal mechanisms by which the ligand
environment and surface treatments can affect the growth of nanocrystalline materials, as well as
how these bottom-up approaches can lead to novel opportunities in programmed self-assembly
and nanofabrication.
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1 INTRODUCTION
1.1 Rare-Earth Chemistry and Nanocrystals
1.1.1 Introduction
The rare-earth elements are prized for their unique combinations of optical,1–4 magnetic,5–
7

and catalytic properties8–11 that arise from their 4f, 5p, and 5d electronic structures. For optical

properties, the electronic configuration of the rare earth elements gives rise to a manifold of longlived excited states (10µs-10ms)12 characteristic for each rare-earth element.13 These have been
studied extensively 1960’s14–16 and have been harnessed in the development of efficient
phosphors for cathode ray tubes displays,17 compact fluorescent lighting,18 and solid state
lighting.4,19 There has been a recent surge of interest in rare earth materials due to their nonlinear
optical properties. 2,20–23 The long-lived excited states allow for the sequential absorption of two or
more photons, which can be followed by a single radiative relaxation event which emits a single
photon of energy greater that either of the photons absorbed. This is a process known as
upconversion.24 Downconversion may also occur when a rare earth ion is excited by a single high
energy photon (typically UV or Blue) and that energy undergoes internal conversion with two or
more radiative relaxations.25 When the relaxation occurs with the release of two photons of
identical energy, the process is called quantum cutting.3,26 Each of these processes may be aided
by the presence of a rare earth co-dopant, as phonon-assisted energy transfer effectively sensitizes
the emitter to allow for increased probability of energy conversion.27
Bringing these properties of the rare-earth single crystals and bulk powders into the nanosize regime enables a wealth of new applications for which these materials are being explored.
The solubility/dispersibility of nanocrystals (NCs) allows for their characteristic non-linear
optical properties to be integrated into thin-films28,29 or activated in-vivo for biomedical
1

applications.30–32 Scaling the NC size to just tens of nanometers, well below the wavelength of
visible light, limits optical scattering and enables these crystalline materials to be transparent. The
emerging opportunities for plasmonic33,34 and photonic35 enhancements at the nanoscale are now
being combined with the processability of nanophosphor “inks,”36 accelerating the exploration of
rare-earths for a wider range of solid-state lighting and solar energy conversion applications.
These interesting optical properties taken together with the inherently low toxicity37,38 of
the rare earth compounds has motivated their study in single crystals, powders and more recently
in nanoscale colloids. Herein, we discuss advances in the chemistry of rare-earth NCs as they
pertain to our research in the synthesis, assembly, optical properties, and applications of dispersed
NCs and NC superlattices and thin films.

1.1.2 Synthesis
There are several synthetic methods now established for the preparation of Rare-earth
NCs. Traditionally, calcination has been used to produce bulk rare-earth powders in combination
with ball-milling to grind the micron sized crystals grinds into nanocrystalline powders.39 This
method is scalable to the production of large quantities, but offers very little control over the size
and shape of the resulting particles. The high forces of grinding often introduce crystal defects
that can adversely affect the optical, electronic, and magnetic properties of the resulting NCs. For
these reasons bottom-up approaches are being aggressively pursued with high-temperature
solution phase growth employed to control the crystal structure and crystal habit. Hydrothermal
methods involving high pressure vessels for aqueous growth allow for more control over particle
size and shape than milling or calcination,40,41 but the long reaction times make it difficult to
explore the parameter space needed to optimize the NC growth. More importantly, the
hydrothermal methods make it difficult to isolate interesting intermediate structures that may
arise as the NCs grow.42,43
2

Room-temperature synthesis methods have also been developed to forgo the high
temperatures and pressures to yield rare-earth NCs. For example, ionothermal synthesis methods
have been developed using a eutectic mixture of ionic salts to facilitate nucleation at near room
temperature to yield rare-earth NCs.

44–47

Microemulsion methods have also been developed.48–50

These are facilitated by preparing reactive precursors in two immiscible solvents, then
introducing them dropwise under vigorous stirring or sonication to create micelles that serve as
“nanoreactors” for particle nucleation and growth. Ionothermal and microemulsion syntheses are
promising routes for synthesizing rare-earth NCs, and there is the potential that with more
development they may one day match the crystallinity and faceting of the NCs synthesized from
high temperature methods.
More recently, researchers have investigated solvothermal methods to overcome
thermodynamic barriers similar to hydrothermal methods while maintaining the parameter space
offered by room-temperature methods.51–53 These methods use high boiling point non-aqueous
solvents to precisely control the temperature profile of the reaction up to temperatures (100 °C to
350 °C) that are significantly higher than that of standard colloidal syntheses. Of particular note
is that rapid thermal ramping overcomes the thermodynamic barrier between crystal structures
(such as the cubic α-phase to hexagonal β-phase of NaYF4) that is typically achieved through
post-annealing of materials synthesized by lower temperature methods.43,54,55 Nucleation and
growth can be carefully tuned to increase uniformity of the resulting NCs, which is essential to
achieving well controlled optical properties and to fabricating ordered thin-films or superlattices
of rare-earth based NCs.21,56
The synthesis of monodisperse rare-earth fluoride NCs by solvothermal methods was
accelerated by the use of the rare-earth trifluoroacetate precursor,42,51,57–60 the preparation of
which is shown in Figure 1a. By digesting the respective rare-earth oxide or carbonate in
3

concentrated trifluoroacetic acid, the hydrated trifluoracetate (TFA) salt is formed and can be
separated from the solution for use in a subsequent solvothermal reaction. These TFA precursors
enable fine control over monodispersity and shape of the rare-earth NCs when used in a rapid
thermal decomposition synthesis procedure,51,52,61 which is outlined in Figure 1b. First, the rareearth TFA and a fluoride salt (e.g. LiF or NaF) is suspended in a mixture of a high boiling point
ligand (e.g. oleic acid, olyelamine, or trioctylphosphine) and non-coordinating solvent (e.g.
octadecene). A mineralizer may also be included in the reaction mixture to increase the yield of
NCs and to influence the NC shape (habit).9,62 The suspension is heated under vacuum to remove
water, oxygen, and volatile impurities until the solids dissolve into the reaction mixture. The
reaction vessel is then purged with nitrogen and the temperature is elevated very rapidly at a rate
of 10-100 °C/min. During this temperature ramp, the trifluoroacetate decomposes, providing an
additional in situ fluoride source for inducing the NCs to nucleate and grow. The reaction mixture
is then held at a temperature between 270 °C and 330°C to allow the nuclei to ripen. 63 The ratio
of ligand to solvent dictates the most stable morphologies, while time and temperature dictate
when those morphologies will be present in the growth solution.51 Once a pre-calibrated time has
been reached, the reaction solution is quenched and the NCs are separated from the reaction
mixture by dispersing them initially in a nonpolar solvent (e.g. hexanes or toluene) and
destabilizing them with a miscible solvent (e.g. ethanol, isopropanol, or methanol). Size-selective
precipitation has been used to improve the monodispersity of the resulting NCs. 64 The NCs are
coated with hydrophobic ligands, which can be exchanged with a hydrophilic ligand, using postsynthesis treatments like single-step direct exchange,65 two-step ligand exchange facilitated by an
intermediate ligand,66 or silica coating.67
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(a) Ln2O3 + 6 H(TFA) Δ 2 Ln(TFA)3 + 3 H2O (Ln= Lanthanide; TFA = CF3COO-)
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Figure 1: Method for preparing rare-earth fluoride NCs from rare-earth oxides. a) The digestion
of rare-earth oxides to form rare-earth trifluoroacetates. b) A typical solvothermal reaction to
yield rare-earth trifluoride NCs.

The resulting morphology and crystal lattice of the NCs is also controlled by the choice
of rare-earth ion. As Figure 2a presents, the phase of the most stable crystal lattice trends with
the rare-earth contraction.68 The lighter rare-earths preferentially form crystal lattices that
maximize their coordination environment, such as the trigonal LaF3 where each La3+ forms an
eleven-coordinate system. As the atomic radius of the rare-earths contracts, orthorhombic (ninecoordinate) and ultimately tetragonal (eight-coordinate) structures take precedence, as a result of
the steric inhibition that a smaller atomic radius induces on the crystal lattice during nucleation
and growth.64,69 The local environments of the rare-earth ions shown in Figures 2b-d reflects that,
as the rare-earths radii contract, electrostatics prevent the rare-earths from obtaining an elevencoordinate geometry. This trend is supported empirically by the powder diffraction patterns
shown in Figure 2e.
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(a) La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Trigonal LaF3-type Orthorhombic β-YF3-type Tetragonal scheelite

(b)

(e)

(c)

(d)

Figure 2: The trend of hard-to-soft rare-earth fluorides in forming trigonal, orthorhombic, and
tetragonal crystal structures, corroborated by x-ray diffraction data. a) The trend based off of the
rare-earth contraction, with representative unit cells for b) trigonal LaF3,70 c) orthorhombic
GdF3,71 and d) tetragonal scheelite.72 e) Powder x-ray diffraction data from representative NC
samples from each space group. Copyright of Nature Chemistry.64

A specific class of rare-earth fluoride NCs that has attracted significant attention is doped
β-NaYF4, which is shown in Figure 3.61 These NCs were synthesized using a salt bath where
rapid heating of the reaction mixture favors phase purity and co-nucleation of the rare-earth ions.
The size of the rare-earth ions are similar enough that incorporating dopants into the host matrix
does not generally cause sufficient strain to alter the crystal structure.73 This allows for near oneto-one incorporation of rare-earth dopant ions into the host material based on the stoichiometry of
the reagents added. Tunable doping of rare-earth ions into the host matrix plays an important role
in the optical properties of the rare-earth NCs.74 The schematic shown in Figure 3a depicts the
energy transfer steps that enable rare-earths to upconvert light, which is shown in Figure 3b and
6

3c using Er3+, Tm3+, and Ho3+ as emitting ions and Yb3+ as the sensitizer. The steady state optical
properties displayed in the insets of Figures 3b and 3c will be described in more detail later in
this chapter. The x-ray powder diffraction patterns shown in Figure 2d indicate the high phasepurity that is achievable using direct solvothermal methods. Even between different
morphologies, the hexagonal crystal structure persists. This is confirmed by the lattice spacings
shown in the high resolution transmission electron microscopy (TEM) images presented in Figure
3e-h.
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Figure 3: The optical properties and characterization of β-NaYF4 NCs synthesized
from rapid
1
thermal decomposition. (a) The upconversion schematic is derived from the Dieke diagram14 and
represents the multi-step energy transfer that occurs between the rare-earth ions doped into the
host matrix. The characterization techniques are b) and c) fluorescence spectroscopy upon 980
nm excitation, d) x-ray diffraction, e-h) high resolution TEM. Copyright of PNAS.61
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While rare-earth fluorides are preferred other host matrices for optical applications due to
their stability (chemical and thermal) and low phonon threshold,2 rare-earth NCs have been made
from several host matrices, such as oxides,63 oxyfluorides,51 oxysulfides,75,76 oxychlorides,77
hydroxides,78 vanadates,79 phosphates,80 and chalcogenides.81,82 Rare-earth oxide NCs can be
synthesized in a similar manner to the fluorides by eliminating the presence of fluoride from the
solution. Instead, rare-earth acetates can be used as the precursors in place of the TFA’s to yield
rare-earth oxide plates.63 In regards to morphology, synthesis methods have been reported to yield
tripodal,83 triangular,60 square,84,

85

rhombic,64 spherical,63 ellipsoidal,86 and hexagonal plates.51

There have also been advances in post-synthesis treatments to yield advanced morphologies such
as nanodumbells87 and nanoflowers.88

1.1.3 Self-assembly
Self-assembly is an essential field of research for fabricating NC-based devices because
cost-effective implementation of NCs into electronics and optoelectronics demands large scale,
reproducible manufacturing of NC thin films.89–92 It has also been shown that the structure and
composition of the superlattices impacts the properties of the material and any devices into which
they are intergrated.93,94 Studies of self-assembly also offer insight into the thermodynamics
behind the interactions of materials at the nanoscale,95 which have important implications for the
integration of rare-earth NCs into optical devices and energy conversion.96 Self-assembly can also
lead to improved phosphorescence efficiency by limiting scattering and self-absorption of the
nanomaterials, which has been shown with the phosphorescent rare-earth nanophosphors.97
With the high degree of monodispersity and faceting that is now achievable using current
solvothermal synthesis methods, the rare earth fluorides and oxides make excellent model
systems for studies of the assembly of anisotropic platelet particles. Using liquid-air interface
self-assembly methods,98 large grains (~2 µm2) of monolayer and multilayer lattices can be
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assembled of these faceted particles. Small-angle x-ray scattering is used to confirm their ordered
“liquid crystallinity.” Figure 4 provides an overview of some of the columnar and lamellar
architectures that are achieved in the assembly of GdF3 rhombic plates. The long-range ordering
in Figure 4 supports the high degree of monodispersity that can be achieved through
solvothermal synthesis methods, as self-assembly of this magnitude would be unobtainable with
polydisperse nanoparticles.
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Figure 4: The lamellar and columnar self-assembly of GdF3:Eu3+ nanoplates. a-d) TEM images
and electron diffraction patterns of columnar (a,c) and lamellar (b,d) packing of GdF3 ellipsodial
(a,b) and rhombic (c,d) nanoplates doped with Eu3+. e) Excitation spectrum and f) emission
spectra of these superlattices when excited by 394 nm light at an angle perpendicular to the
substrate. Copyright of the ACS.86
As with semiconductor NCs, the assembly of rare-earth NCs can result in a change in the
optical properties. In Figure 4f, the optical properties of Eu3+-doped GdF3 nanoplates in columnar
and lamellar packing is compared.86 As the emission spectra show, the intensity of the 5D0 → 7F1
transitions changes based off of the packing of the NCs, with columnar packing showing the
highest efficiency of this transition. Though this difference has yet to be rigorously analyzed, we
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speculate that it is caused by magnetic interactions between the GdF3 particles.86 The 5D0 → 7F1
peak is associated with a magnetic dipole transition, so it might be expected that the Eu 3+
electronic behavior with this transition would be influenced by the arrangement of the inherently
magnetic GdF3 NCs.
The packing behavior of these NCs has been modelled to elucidate the role of enthalpic
effects (e. g. Van der Waals attractions, hydrophobic ligand interactions) and entropic effects in
the formation of superlattices of anisotropic NCs. Monte-Carlo simulations allow for the particles
to be treated like “hard platelets”, while density functional theory (DFT) simulations offer insight
into the particles’ patchy ligand coverage. The empirical and theoretical works reveal that entropy
alone does not drive the assembly of anisotropic superlattices. Instead, the patchy ligand coverage
and particle shape introduce directional attractions that drive the self-assembly of these NC
superlattices, as can be seen in Figure 5.64 When the DyF3 rhombic platelets are self-assembled
into monolayers at a liquid-air interface, orientation-dependent subdomains within grains of the
assembly arise that can be imaged using TEM as shown in Figures 5a and 5b. If this image is
colorized based on the lattice orientation as shown in Figures 5c and 5d, the order of the domains
becomes even more striking. The striations shown in Figure 5d arise from the elongated
hexagonal morphology of these platelets in conjunction with the patchy ligand coverage. The
results from Monte-Carlo simulation in Figures 5e and 5f reproduce the subdomains formed from
the rhombic and hexagonal nanoplates.
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Figure 5: Comparison of DyF3 monolayer self-assembly compared to Monte Carlo simulations
(a,b) TEM images of DyF3 nanoplatelet monolayers colorized (c,d) and compared to Monte
Carlo and DFT simulations (e,f) to distinguish the effects of aspect ratio and ligand environment
on self-assembly. Scale bars represent 0.5 µm. Copyright of Nature Chemistry.64

1.1.4 Optical Properties
As mentioned previously, the rare-earths possess a rare combination of optical properties
in which simple one-photon phosphorescence is augmented by the potential for non-linear
upconversion and downconversion processes. These non-linear processes derive from the
underlying f and d orbital electronic structure of the individual rare-earth ions. The f-orbitals
11

provide real excited states whose energy relative to the ground state is predominantly governed
by their electronic configuration. This allows for upconversion events to occur even with
relatively low photon flux. For example, in two-photon imaging techniques which exploit the upconverting properties of organic dyes, relatively expensive pulsed (femto- to picosecond) lasers
must be employed.99 In contrast, similar imaging experiments can be executed using an
inexpensive continuous wave (CW) laser as the excitation source if upconverting NC phosphors
are employed as the imaging agents, which will be discussed later in this review.100 The “ladderlike” nature14 of these long-lived (10µs-10ms)12 excited states offers a wide (>500nm) anti-Stokes
shift that surpasses most current organic and organometallic alternatives.101,102 The peak emission
line widths for the rare-earths are typically no broader than 20 nm FWHM. Due to the high
nodality of the f-orbitals, their electron density is constrained close to the atomic nucleus, so the
influence of vibrational modes on electron transitions is limited.2 This ensures that the
wavelengths of the emissions are generally fixed with fine tuning possible by the choice of the
host lattice, morphology, or size of the NCs.
The rare-earths are generally considered the best candidates currently for upconversion
applications, but their efficiency (quantum yield, QY) under practical conditions is limited, with a
maximum observed QY of 3%.103 Firstly, the long-lived excited states of these materials limit the
amount of photons that can be absorbed, leading to a power dependence.104 Initially, the QY
increases as phonon flux increase because there is a greater probability of a second absorption
event before the first excitation relaxes. As the flux increases further, the effect saturates because
the arrival of additional photons is faster than rate of decay of the two phonon excited states and
as such there are many ions for which their original absorption is bleached until the electrons
have time to relax. Secondly, competing energy pathways, such as phonon-assisted energy
transfer and cross-relaxation between identical ions, can quench radiative relaxations.74 Thirdly,
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energy transfer between orbitals of matching angular momentum are symmetry forbidden, further
decreasing their probability.105 Finally, the surface environment can cause charge recombination
and vibrational energy transfer to the ligand, further limiting the efficiency.46,106–109
To address competing non-radiative pathways between rare-earth ions, combinatorial
studies have been conducted to determine the amount of dopant(s) that will place them at
distances in the host lattice sufficient to limit cross-relaxation between ions.2,74,110 A typical
energy diagram derived from the Dieke diagram that highlights radiative and non-radiative
pathways for upconversion using Yb3+ as the sensitizer and Er3+ or Tm3+ as the emitter is shown
in Figure 3a.14 The visible optical response can be seen in Figure 3b and 3c. The emissions of
these particles are tunable, but not through a quantum confinement effect prominent in
semiconductor NCs (quantum dots).111 Instead, altering the ratio of peak emission intensities by
promoting non-radiative pathways will result in a different ratio of intensities at the emitter’s
characteristic emission wavelengths. Increasing the temperature is one way to promote phononassisted relaxation, so studies are being conducted to track the ratios of peak intensities to
determine the local temperature of the nanophosphors.112 This can in fact allow the
nanophosphors to be used as local temperature probes (nanothermometers).113
Of the myriad compositions and crystal structures discussed earlier, β-NaYF4 is
recognized as one of the best host matrices for green and blue upconversion by rare-earth
elements.2,52,114 Halogen-based materials are generally good candidates for this because of their
low phonon energies (cutoff = 350 cm-1),115 which supports the longer excited state lifetimes (101000 µs) required to achieve photon upconversion. Of the halogens, fluorides are the most stable,
making them favorable for applications that require biocompatibility.2,37,38 The choice of the
cation affects the strain and defects that may arise when incorporating the rare-earth dopants. The
size of the cations should be close to those of the dopants, and Na+1 and Y3+ suit this need. The
13

improved efficiency of the hexagonal β-NaYF4 over the cubic α-NaYF4 is due to the statistical
distribution of the emitter and sensitizer within the Ln3+. In the case of β-NaYF4, this distribution
results in better interatomic distances for energy transfer to occur.115

1.1.5 Solar Applications
The optical properties of rare-earth materials have been investigated as spectral
converters for dye-sensitized solar cells116 or single-junction photovoltaic cells,117 particularly
silicon solar cells (photovoltaics).116 Solar cells are fabricated with a bandgap (ideally 1.4 eV)
matched to optimize the utilization of the solar radiation. This forces a compromise: although
photons of energy just above the band gap will be absorbed with little energy loss, any photon of
higher energy than the band gap will lose some of its energy to thermalization, while photons of
energy less that the bandgap are not absorbed at all.3 Trupke et al. has described how
upconversion24,119 and downconversion25 can address these energy loss pathways by internally
converting the radiation to energies that correspond to the solar cell’s band-gap wavelength of
peak efficiency. These processes may also broaden the spectral range that can be absorbed by Si
solar cells, which is highlighted by Figure 6.120 Downconversion in particular has been predicted
to enhance silicon solar cell efficiency by as much as 25% 121 by addressing the primary
assumption of the Shockley-Queisser limit that one photon will only produce one charge
carrier.118,122 The rare-earths offer the optical properties required for these applications, so
research to enhance their efficiency is being explored rigorously.123,124
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Figure 6: The solar spectrum and Si absorption spectrum overlayed, highlighting spectral regions
that converting could improve Si solar cell efficiency. The inset represents a solar cell augmented
with both spectral converters (front-downconverters and rear-upconverters) proposed by Trupke
et al.24,25 Spectrum copyright 2006 with permission from Elsevier.120

1.1.6 Plasmonic Enhancement Strategies
Plasmonic enhancement strategies are being pursued to address the limitations of the
long-lived excited states on the optical properties of the rare-earths.125,126 When a conductive
metal such as gold, silver, or aluminum is scaled down to the nano-size regime, a localized
surface plasmon resonance may be induced at a given wavelength based on the size, morphology,
and local environment of the particle.127,128 The destabilization of electrons on the surface of the
plasmonic nanoparticles alters the oscillator strength of nearby optical materials and potentially
increases their emission and re-absorption probabilities. If the spacing is too close, radiative
relaxation pathways will be quenched through charge transfer or energy transfer to the plasmonic
nanoparticle. If the interparticle distance falls within a certain range (typically 5-20 nm) , the
optical activity of the emitting particle can be enhanced.56 This is particularly pertinent to the
rare-earth nanophosphors; the Coulombic interactions between the plasmon resonances and the
15

nanophosphor make electric-dipole field effects more probable. Controlling the rate of radiative
recombination in this way is known as Purcell enhancement and allows for faster turnover of the
radiative events.34,129
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Figure 7: Overview of the three plasmonic architectures: (a) silica spacers, (b,c) gold hole arrays,
and (d) microtemplated scaffolds probed with parallel polarized (e) and perpendicularly polarized
(f) light. Copyright of the American Chemical Society.21,33,56

The need for a spacer has led to the investigation of several nuanced plasmonic
architectures. Core-shell hetereostructure approaches such as embedding plasmonic particles into
silica coatings have been highlighted in recent reviews.109,126,130,131 Our group has investigated the
three different plasmonic architectures as highlighted in Figure 7: silica spacers separating the
two groups of particles (7a),56 gold hole arrays (7b-c),33 and microfabricated templates (7d-f).21
The silica spacing was tuned in increments of 5 nm using atomic layer deposition (ALD) for a
more quantitative assessment of the spacing.56 The upconversion enhancement vs. spacer
thickness shown in Figure 7a indicates that the maximum plasmonic enhancement can be
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achieved within distances of around 10 nm, which is common for plasmonic enhancement
strategies.125,126
Microfabricated templates also allow optical response characterization of single
nanophosphors when coupled with individual gold nanorods. The plasmonic architecture
displayed in Figure 7b consists of a patterned gold array with nanoholes that can contain single
β-NaYF4 nanophosphors.33 The formation of the nanoholes will direct surface plasmon polaritons
around the nanophosphors, resulting in a Purcell enhancement. Decreasing radiative lifetimes
allow for a 35-fold enhancement factor of the nanophosphors’ emissions, as shown in Figure 7c.
The optical response when coupled with individual gold nanorods has also been investigated. 21
Figures 7d-f visualizes the results of selective plasmonic enhancement, in which the longitudinal
plasmonic resonance is promoted by polarized light parallel to the orientation of the rods. This
resonance corresponds to the excitation wavelength required for upconversion, so plasmonic
enhancement of the signal is observed. When the transverse surface resonance is targeted, the
plasmon is no longer in resonance with the emission or excitation energy states of the
upconverting nanophosphor, so no enhancement is observed.21 In this case the ability to orient the
templates in the lab frame allowed the optical anisotropy of the enhancement. One-thousand-fold
enhancement of upconversion efficiency has been reported by using a combination of plasmonic
and photonic enhancement techniques.35

1.1.7 Biomedical Applications
Bringing the characteristic optical properties of bulk rare-earths to the nanophase has
stimulated research on rare-earths for biomedical applications, particularly in diagnostics132,133
and photodynamic therapaputics.134,135 While body tissue absorbs UV- and visible light, there is
significant penetration by high energy radiation, such as electron beams (6-20 MeV)136 and x-rays
(10-100 keV),137 and lower energy radiation, like the near infrared (1.2-1.5 eV).32,138,139 These
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excitation sources allow for the cathodoluminescence, scintillation and/or NIR-upconversion
attainable by rare-earth element nanophosphors to be used as tools to stimulate photon generation
in-vivo.
With diagnostics, upconverting nanophosphors (UCNPs) have an advantage over
traditional fluorophores in their ability to eliminate autofluorescence of nearby biological tissue
with their characteristic anti-Stokes shift in emission.22,31 UCNPs allow for multiphoton

(A) Emission
of UCNP-BF4− in DMF and UCNP/C1-Glu4 (in H2O) induced by CW
microscopy at low light powers and under CW operation given the proper host matrix and dopant
980 nm.
concentrations.30,140 This makes UCNPs attractive candidates for bioimaging. Surface treatments

(a)

of the UCNPs with biocompatible dendrimers allows for in-vivo imaging of neurons with limited
toxic effects.141 Figure 8 presents a comparison of conventional contrast agents (Figure 8a) to
dendronized UCNPs (Figure 8b). These results show that the UCNPs can maintain most of the

imaging has also been demonstrated when the upconverting dopants are combined with
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Figure 8: Maximum
intensity projections of mouse neurons with (a) conventional dextranconjugated fluorescein and (b) NaYF4 upconverting NCs collected in-vivo. Copyright of
PNAS.141
Tatiana
V. Esipova et al. PNAS 2012;109:20826-20831
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Targeted therapy dosimetry is another active field of research for UCNPs. 59,143,144 When
certain photosensitive molecules are exposed to UV-Vis radiation, cross-coupling between
molecules145,146 or oxygen radial production147 can occur. Both are useful tools in vivo to induce
cell death. UCNPs support UV-Vis production in vivo by taking advantage of the NIR
transparency of body tissue. For example, Zhang et al. have shown that coating UCNPs in a
porous silica shell that encapsulates merocynanine 540 and zinc (II) phthalocyanine produces
radial oxygen upon NIR excitation. These architectures can then be functionalized with cancer
cell antigens to target tumors in mice.147 Recently, UCNPs encapsulated in cancer cell membranes
have been shown to target cancer cells by utilizing the inherent homogolous adhesion properties
of cancer cells.148
Figure 9 offers another method for producing light in-vivo using rare-earth ions:
scintillation. As the Dieke diagram schematic of Tb3+ illustrates, there are multiple visible peaks
that can arise from radiative relaxation between the 5D4 energy state and the lower-energy 7F
states. The predicted energy differences due to the change in total angular momentum is reflected
in the emission spectrum of these x-ray excited NCs. As discussed previously, these transitions
are atomistic; characteristic Tb3+ emissions are observed when using high-energy excitation
sources ranging from ultraviolet149 to electron beams.150 Electron beam or x-ray scintillation of
rare-earth NCs is of particular interest because it enables targeting of moving tissue. 143 For
example, Y2O3 functionalized with psoralens have been shown to induce DNA cross-linking upon
x-ray excitation.146 Targeting cancer cells with these NCs inhibits mitosis and curtails tumor
growth.
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Figure 9: Emission spectrum of Tb3+-doped GdF3 when excited by x-rays from a Cu Kα-source.
While NIR-upconversion and scintillation allow for external excitation of rare-earth NCs,
internal sources of high-energy radiation sources have been developed by incorporating isotopes
into rare-earth NCs. Isotopes such as the β-emitting yttrium-90 (90Y, Figure 1.9)151 or positronemitting fluorine-18 (18F)142,152 have been incorporated into the host lattice to allow for
radiolabeling of NCs. β-particles have an average energy of 939 kEV,153 which can also be used
to stimulate optical responses in the material, as shown in Figure 10b. Rapid thermal
decomposition is an excellent candidate for synthesizing these isotopically labelled NCs as the
synthesis and separation of the particles from the host solution takes no longer than two hours, far
outpacing the physical decay of the radioactive elements (T 1/2=2.67 days).153 Figures 10c-f show
the particles as synthesized with the radioisotopes, with a clear preservation of morphology. The
incorporation of radioactive dopants into the host matrix allows for an additional mode of
detection that can be coupled with optical or magnetic responses to offer multimodal
imaging.142,152 The charged particles that are ejected by unstable isotopes produce Čerenkov
radiation as they pass through a medium, which has led to the development of self-emitting doped
particles.143,154
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TEM images of 90Y3+ doped REF3 nanocrystals.
(a) GdF3:Y-90

(c)
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Figure 10: Isotopic labeling of GdF3 nanocrystals. (a) Schematic of radioactive Y-90
incorporation into host lattice from a bottom-up synthesis method. (b) Optical images of aqueous
solutions of NCs correlated to radioactivity. (c-f) TEM images of the GdF3 plates, LiGdF4 square

b)

bipyramids, and GdF3 nanowires with Y-90 dopant incorporation. Copyright of the ACS.151

Rare-earth NCs are a promising class of materials for their unique combination of linear
and nonlinear optical properties, photostability, and dispersibility/processability. Upconversion
and downconversion of light is promoted by energy transfer between rare-earth ions within a
crystal lattice. Advances in colloidal synthesis techniques, in particular solvothermal methods,
now allow production of a wide range of rare-earth NC chemistries with precise control of size,
shape, and surface functionalization. The uniformity that can be achieved allows for selfassembly into ordered thin films (superlattices) and as such has a critical role in the future of
integrating these building blocks into optical and opto-electronic device. The rare-earths offer
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unique anisotropic morphologies for investigating the fundamentals behind assembly processes
and shape dependent biological and cellular transport processes.
The combination of optical and electronic properties is now being harnessed for a number
of applications particularly in biomedicine and solar energy research. Spectral conversion using
the rare-earths may provide a path to overcome the limitations of current solar energy
collection/conversion methods. The utility of the rare-earths in these applications can be further
improved by plasmonic enhancement architectures, which is a growing area of research for rareearth NCs.

Upconversion and downconversion capabilities of the rare-earths offer creative

pathways for inducing photoeffects in-vivo, which enable new approaches in both diagnostic and
therapeutic applications.

1.2 Characterization Techniques
With the rise of nanochemistry has come myriad advanced characterization techniques to
quantify the composition, morphology, and properties of nanocrystals. Several parallel techniques
exist for each of these categories (e.g. emission and absorption spectroscopy for composition,
atomic force microscopy for morphology). This subchapter will elaborate on the techniques that
were foundational to this thesis, which are namely x-ray diffraction (XRD) and extended X-ray
absorption fine-structure (EXAFS) for composition, transmission electron microscopy (TEM) and
3D reconstruction techniques for morphology.

1.2.1 X-Ray Techniques
X-rays are a class of high-energy radiation that is critical to materials research. The
energy range is high enough to excite electronic transitions in the orbital subshells of atoms.
Because these transitions are characteristic to each element and ion, techniques like x-ray
absorption spectroscopy are insightful to the atomic makeup and oxidation state of a material.
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These absorption features are also impacted by interactions with nearby atoms, enabling
techniques like extended x-ray absorption fine structure to probe the local environment of an
element within a host matrix.
X-ray Absorption/Fluorescence

X-Ray Diffraction/Scattering

Experiment Geometry

Fundamentals

nλ=2dsin(θ)

Figure 11: Schematics of the fundamentals (top) and experimental geometries (bottom) of x-ray
absorption and fluorescence (left) and XRD and scattering (right). Bottom-right adapted from
Renaud et al.155
The energy of X-rays puts their wavelengths within the sub-Angstrom range, which is
another aspect that makes them valuable to modern molecular and material characterization. If
this radiation is focused on an ordered, periodic crystal lattice, diffraction patterns will arise that
correspond to the interatomic spacing within the lattice. This concept, known as Bragg’s
diffraction, allows for the acquisition of compositional and structural information from the atomic
and nanoscale order of the material.
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The acquisition ranges can be categorized in the following way: Wide angle x-ray
scattering (WAXS) or xray diffraction (XRD), small angle x-ray scattering (SAXS), and grazing
incidence small-angle x-ray scattering (GISAXS). WAXS and XRD (RANGES) occurs at large
angles, and the resulting patterns are indicative of the atomic structure within the sample. In
single-crystals, these diffraction peaks will arise as single points; in crystalline powders, these
diffraction peaks are “smeared” into cones that are indicative of the planes of atoms. Hence,
WAXS and XRD can provide space group and compositional information. SAXS results from
diffraction of nanoscale features, thus providing size and morphology information of
nanocrystals. GISAXS can go one step further and add orientation (parallel vs perpendicular)
information of nanoscale features. Due to the breadth of information provided by x-ray
techniques, they are a critical component to a material scientist’s toolkit.

1.2.2 Electron Microscopy and Tomography
Imaging sub-micron structures using optical microscopy is challenging due to the
diffraction limit of light. While advances are being made in optical microscopy to achieve nm
resolution, atomic resolution is achievable using electrons as the imaging source due to their
small wavelength. Because they also behave as charged particles, electrons can be focused onto a
sample using electromagnetic lenses. Several variations of electron microscopy have been
developed, such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The bulk of this work will utilize transmission electron microscopy, which will be the
focus of this subchapter. The tome written on the subject by Williams and Carter can provide
more information on the experimental design and fundamentals of electron microscopy.156
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Figure 12: The geometry of electron characterization, as well as the signals produced by the
sample upon exposure to the direct beam. Of particular note are the x-rays produced that enables
elemental mapping and the inelastic scattering that enables transmission imaging.
While TEM images restrict analysis of a particle grain to a 2-dimensional projections,
techniques have been developed within the past decade to divulge the 3D morphology of
nanocrystal grains using the 2D information obtained by TEM. For example, the contrast and
atomic resolution attainable by high-angle annular dark-field (HAADF) scanning TEM allows for
the 3D reconstructions to be made of single nanocrystals.157,158 For particles larger than ~10 nm in
thickness, tilt tomography can be used. In this technique, 2D projections are taken at incremental
Euler (viewing) angles. A Fourier transform of each projection is taken, and changes in these
patterns are tracked to iteratively reconstruct a 3D model that can reproduce the 2D projections.
Tilt-less stereoscopic reconstruction has been reported recently, which uses the geometry of
annular dark field detectors to obtain projections at the Euler angles.159 Each of the main methods
(atom counting,160,161 stereoscopic reconstruction,159 or tilt tomography162,163) comes with their
advantages and limitations based data acquisition and processing, but with the correct experiment,
high resolution 3D information can be collected. For example, 2.2 Å resolution has been achieved
for proteins using electron tomography,164 which is a competitive resolution with modern
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crystallographic techniques without the requirement for the sample to occupy an ordered
crystalline array.
The next step for these techniques is to combine the compositional information that can
be acquired through TEM with the 3D reconstruction to enable 3D elemental mapping of material
grains. In choosing the 3D reconstruction technique, it is critical to consider that grains of interest
are typically >10 nm in size, and orientation is oftentimes critical to evaluating zone boundaries
within a heterostructured material. Due to its ability to fulfill both these considerations, singleparticle tilt tomography is currently the best candidate for relevant data acquisition.

a)

b)

1 um

100 nm

Figure 13: HAADF-STEM tilt tomography and EDS 3D mapping conducted on a) paint and b) a
nanotransistor.I,165
One method to acquire the 3D elemental map is to combine the reconstruction acquisition
with an EDS map, as shown in Figure 13. The EDS data can be processed in a similar way using
the Euler angles to triangulate data points of interest. Coupling EDS mapping with tilt-

I

Special thanks to Kevin McIlwrath from JEOL for providing these figures.
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tomography enables multiple elements to be evaluated at once. This allows for distributions of
particles within a large array to be distinguished by element regardless of z-contrast or
morphology. As seen with the example of paint in Figure 13a, the domains of Fe, Si, and Ti
would be indistinguishable without EDS mapping, and the 3D reconstruction adds the
information in the z-direction that would otherwise be lost in a traditional 2D elemental map.
Heterogenous materials are also great candidates for elemental 3D reconstruction, especially
those with intricate and critical design elements, like the transistor shown in Figure 13b. With
EDS tomography, 3D elemental maps of five-or-more elements can be resolved within 5 nm of
resolution.
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2. A SEMI-COMBINATORIAL APPROACH FOR SYNTHESIZING
RARE-EARTH FLUORIDE NANOCRYSTALS
2.1 Introduction
As discussed in Chapter 1, rare-earth materials have distinct magnetic,5–7 catalytic,8,10,11
and optical1–4,105,166 properties arising from their 4f, 5p, and 5d electronic structures. Bringing
these bulk materials to the nanoscale to make rare earth nanocrystals (RE NCs) improves their
processability36 and opens avenues to new applications for these properties, such as biomedical
diagnostics132,133 and theraputics.134,135 For bottom-up synthetic approaches of NCs, most recipes
are developed through trial-and-error experiments. Recently, significant control over postsynthetic treatments of RE NCs has enabled a breadth of morphologies to be synthesized. 167 The
ability to have a similar degree of control at the initial synthesis stages may reveal new
morphologies for RE NCs, which has implications for their properties168 and self-assembly.64
Several bottom-up methods have been developed to synthesize RE NCs, such as
hydrothermal,41,80,169 ionothermal,44–47 microemulsion,48,49 co-precipitation,52,170 and solvothermal
methods.51–53 Of these approaches, solvothermal synthesis offers superior control of the
morphology and monodispersity of RE NCs, which is crucial to exploring the size, shape, and
composition dependence of their properties.42,52,53 For rapid thermal decomposition synthesis
methods, the ligand is typically a long-chain carboxylic acid or amine, like oleic acid or
oleylamine.171 During the synthesis, rapid thermal decomposition is facilitated by fast ramping
rates (>100°C/min) to ensure the nucleation and growth of NCs. The size, morphology, and
monodispersity of the resulting RE NCs is contingent upon reaction conditions such as the ligand
environment,172 presence of mineralizers,62 and acidity of the reaction solution.173 Two traditional
methods for investigating these trends are conducting multiple reactions in separate vessels or by
taking aliquots from a mixture. The former method leaves the temperature profile between
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batches inconsistent, while the latter requires a sufficient amount of reaction solution to ensure
that the apparent trends are not caused by the decrease in volume. To overcome these limitations,
combinatorial approaches have been developed to rapidly screen RE NC reaction conditions. The
approaches have been used to determine doping concentrations to host upconversion in RE
NCs174 and to optimize these doping concentrations in upconverting β-NaYF4 to enhance
emission efficiency.74
In addition to temperature and time, the ligand environment is a key parameter that has a
significant impact on the RE NC synthesis and resulting NCs. Custom-made bulky ligands such
as dendritic or polymeric ligands have proven to be a versatile tool in controlling the physical
properties and self-assembly of colloidal NCs.175–180 These molecules are typically exchanged
onto the surface after the NCs are already made. Amongst the variety of ligands, polycatenar
ligands derived from gallic acids have shown high thermal stability and can be utilized for
bottom-up synthesis of NPs from the same precursors. They have attracted recent interest in the
direct synthesis of a great variety of NPs, including metallic, chalcogenide, pnictide, and oxide
nanocrystals due to their excellent control of the monodispersity and self-assembly of resulting
colloidal NCs.181
Herein, we present a semi-combinatorial microscale approach for synthesizing RE NCs
as a tool for quickly screening the effects of the ligands’ nature and solvothermal reaction
parameters while maintaining reproducibility. This microreaction setup allows for six reactions to
be conducted in series with the same temperature profile and gas pressure while allowing
modulation of reaction time, precursor amounts, and the ligand environment (e.g. proportion of
oleic acid and polycatenar ligand). We used this approach to identify the conditions that yield
highly monodisperse RE NCs with well-controlled shapes such as octahedra, circular and
elongated plates that have neutral, positive and negative surface curvatures. These experiments
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also showed evidence for the formation of chiral NCs. The shapes of the resulting NCs were
further investigated by TEM tomography experiments.

2.2 Experimental
Materials
Dysprosium oxide (99.9%), yttrium oxide (99.9%), lanthanum oxide (99.9%), erbium
oxide (99.9%), europium oxide (99.9%), and thulium oxide (99.9%) was purchased from GFS
Chemicals. Oleic acid (OA, 70% technical grade), octadecene (ODE, 90%, technical grade),
lithium fluoride (≥99.98%), and sodium fluoride (≥99%) were purchased from Sigma-Aldrich.
Trifluoroacetic acid (TFA, 99% biochemical grade), potassium nitrate and sodium nitrate were
purchased from Fisher Scientific. Copper (II) sulfate pentahydrate (98+) was purchased from
Acros organics. 1-Bromododecane (97%), methyl 3,4,5-trihydroxybenzoate (98%), NaN3
(≥99.5%), sodium L-ascorbate (≥99%), and LiAlH4 (95%) were purchased from Aldrich. SOCl2
(98%) was purchased from TCI America. Undec-10-ynoic acid (98%) 12 was purchased from
Frinton Laboratories. Solvents were ACS grade or higher.
Synthesis of Rare Earth Trifluoracetate Precursors
Approximately ten grams of RE oxide was added to 100mL of a 1:1 solution of distilled
water and trifluoroacetic acid (TFA) in a round bottom flask. This suspension was heated to 80
°C and stirred until clear. Once the solution became clear, the solution was allowed to cool to
room temperature, then the solvent was evaporated off, leaving the solid RE(TFA)3 behind.
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Synthesis of Polycatenar LigandII
Synthesis of polycatenar ligand 1 was achieved starting with commercially available
starting materials methyl gallate 2 and bromododecane 3. Alkyl end-groups were installed under
Williamson etherification condition and the product 4 was reduced to alcohol 5 using LiAlH4.
Alcohol functional group of 5 was activated into corresponding chloride 6 using SOCl2 and was
then replaced with sodium azide to give corresponding advanced intermediate 7. Finally, the
surface anchoring carboxylic group was installed under Huisgen cycloaddition (click reaction)
condition using undec-10-ynoic acid 8 giving access to target ligand 1. The synthetic strategy is
shown in Scheme S1, however, all detailed synthetic procedures and spectroscopic data can be
found in our previous report.181
Synthesis of RE NCs
This synthesis method is similar to our previously reported synthesis of RE NCs.64 For
REF3 NCs, RE (TFA)3 (36 μmol) and LiF (38 μmol) were added into a borosilicate test tube with
a micro stir bar and 300 μL of a 1:1 OA/ODE mixture. For LiREF4 NCs, an additional 38 μmol
LiF was added into the microreactor. For the polycatenar ligand-mediated growth, the OA was
replaced by mole equiv. with the polycatenar ligand. The test tube was connected to a Schlenk
line and placed under vacuum while in a 100 °C silicone oil bath for 45min. The microreactors
were then filled with N2 gas and placed in a 310 °C 1:1 KNO3:NaNO3 salt bath for a set amount
of time. For the RE NCs, elongated plates and molar replacement series, this time was set to 40
min. For the screw-dislocated particles, this time was 10 min. The reaction was quenched by
adding 1 mL of ODE. For the β-NaYF4 NCs, the LiF was replaced with NaF, the temperature of

II
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the salt bath was set to 340 °C, and the reaction time was 1 h. The NCs were isolated from the
reaction mixture by adding 40mL of a 1:1 hexanes and ethanol solution and centrifuging at 6000
rpm for 2 min. The resulting NCs were dispersed in hexanes and no further size-selective
precipitation strategies were employed.
Characterization
Transmission electron microscopy images were collected using a JEM-1400 microscope
equipped with a SC1000 ORIUS CCD camera operating at 120 kV. Electron tomography was
collected using a Fishcione model 2040 dual axis tomography holder. 3D reconstructions were
calculated using ImageJ and the TomoJ plug-in using ordered-subset simultaneous algebraic
reconstruction techinques.182 Powder X-ray diffraction was measured using a Rigaku Smartlab
high-resolution diffractometer with Cu Kα radiation (λ= 1.5416 Å). 1H NMR (500 MHz) and 13C
NMR (126 MHz) spectra were recorded on Bruker UNI500 or BIODRX500 NMR spectrometer.
1

H and 13C chemical shifts (δ) are reported in ppm while coupling constants (J) are reported in

Hertz (Hz). The multiplicity of signals in 1H NMR spectra is described as “s” (singlet), “d”
(doublet), “t” (triplet), “q” (quartet),“p” (pentet), “dd” (doublet of doublets) and “m” (multiplet).
Reaction progress was monitored by thin-layer chromatography using silica gel coated plates or
1

H NMR. Compounds were purified by filtration or precipitation or crystallization as described in

corresponding procedures. Room temperature upconversion emission spectra were acquired using
an Ocean Optics USB4000 fluorescence spectrometer using a Dragon Lasers 980 nm continuouswave laser as the excitation source. The thermogravimetric analyses to determine ligand
stability were performed under nitrogen atmosphere with a TA Instruments DSC SDT Q600
Thermogravimetric Analyzer, applying a speed of 10 °C/min to increase the temperature from
25 to 500 °C.
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2.3 Semi-combinatorial Approach
This semi-combinatorial approach is designed to maximize the amount of separate
reactions that can be conducted in one vessel while maintaining a high enough yield for
characterization and a fast enough temperature ramp to facilitate rapid thermal decomposition.
The schematic for the resultant optimized reaction setup is presented in Figure 14. Typically,
solvothermal synthesis is conducted at a volume of at least 30 mL, as shown in Figure 14a. By
scaling down the reaction from a 125 mL round-bottom flask into a 10 mL borosilicate test tube
as schematically drawn in Figure 14b, the reaction can be conducted at a hundredth the scale
while maintaining sufficient perturbation to ensure even heating in the reaction solution. This
setup allows for tandem reactions to ensure that the temperature and pressure of a series of
reactions will be the same. This improves reproducibility and the efficiency of trend
investigation, such as the effect of ligand environment on RE NC growth. In our setup, a
stainless-steel vessel containing the salt bath heat source allows for six microreactions to be
conducted in parallel, as seen in Figure 14. Figure 15 deconstructs the salt bath shown in Figure
14c to highlight each separate component. Changing the dimensions of the heat source and
microreactors allows for more than six microreactions to be performed simultaneously.
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Figure 13: Schematic of the microreactor design: a) sketch of a traditional solvothermal synthesis
reaction vessel, b) graphical representation of borosilicate test tube microreactors, illustrating a
ligand environment trial in which oleic acid is replaced with a polycatenar ligand, and c) picture
of the microreactor vessel sustaining six tandem solvothermal microreactions in a salt bath.

C
A

B

Figure 14: Deconstructed microreactor setup. a) Borosilicate test tubes with silicone septa and
micro stir bars. b) Aluminum test tube holder with hole dimensions designed to support a
microreactor from the lip of its opening. c) Cooled salt bath containing a 1:1 mixture of KNO3 to
NaNO3. The salt bath is contained in a stainless steel beaker that is wrapped in heat tape graded
for 1000 ºC. Aluminum foil holds the tape in place. When hot, the molten salt is stirred by a
magnetic stir bar.
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A salt bath provides several advantages as a heating source for multi-parameter studies.
Firstly, a precise temperature control is accessible above the melting point of the salt, with a
range of 160-500 °C for a 1:1 eutectic mixture of KNO3:NaNO3. A silicone oil bath supports
temperatures below 200 ºC and decomposes at the temperatures required for solvothermal
synthesis. Secondly, once the bath, coupled with a temperature controller, has reached the target
temperature, the salt bath’s temperature fluctuates by less than 0.5 °C/min, mitigating batch-tobatch variations of the ramp rate and temperature profile. Finally, the molten salt can be stirred to
ensure even heating of each of the micro-reaction tubes, as opposed to static heating mantles or
sand baths. Facilitating the salt bath in a stainless-steel beaker enhances safety by mitigating
spillage and enabling heat-up and cool-down of the salt. Micro-stir bars within the borosilicate
test tubes enable stirring of the microreaction solution.
To test the feasibility of the microreaction setup in producing monodisperse NCs,
dysprosium fluoride rare-earth nanoplates were chosen as the model system. DyF3 NCs were
synthesized through thermal decomposition of dysprosium trifluoroacetate precursors in the
presence of lithium fluoride and oleic acid in the presence of several mixtures of oleic and
polycatenar acids in different proportions. The expected rhombic plate morphology of DyF3 NCs,
which were previously investigated as a model system for self-assembly of anisotropic NCs, is
displayed in the transmission electron microscopy (TEM) image shown in Figure 16a.64 The
DyF3 NCs’ high sensitivity to reaction conditions indeed makes them an excellent candidate for
investigating the feasibility of the microreactors for screening RE NC morphologies for scale-up.
The results of their synthesis using a microreactor, held at the same temperature (310 °C) for the
same amount of time (1 hr) as the traditional synthesis approach, are shown Figure 16b. The size,
shape, and monodispersity of the two sets of NCs are similar using both protocols, indicating that
the microreactors are viable vessels for investigating the solvothermal synthesis of RE NCs.
35

A

B

C

D

50 nm

50 nm

100 nm

100 nm

E

F

G

H

100 nm

100 nm

500 nm

200 nm

Figure 15: (a-d) Representative transmission electron microscopy (TEM) images of DyF3 plates
obtained from the traditional solvothermal reaction vessel (a) and a microreactor (b) and of DyF3
elongated plates obtained from an equimolar ratio of oleic acid and polycatenar ligand in a
microreactor (c) and the traditional solvothermal reaction vessel (d). (e-h) Representative TEM
images of RE NCs obtained from an equimolar mixture of oleic acid to polycatenar ligand in
microreactors, resulting in circular platelets of LaF3 (e) and EuF3 (g) and octahedra of LiYF4 (g)
and LiErF4 (h).

2.4 Rare-earth Fluorides Synthesized with Polycatenar LigandsIII
The microreactor setup enables tandem reactions in which the polycatenar acid ligand
replaces oleic acid. As the proportion of polycatenar ligands replacing the oleic acid increases, the
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morphology of the resulting DyF3 becomes more rod-like, eventually leading to large aggregates
of fused particles at 100% of ligand replacement, as highlighted in Figure 17. Of note are the
resulting particles from the equimolar mixture of oleic acid and polycatenar ligand in the reaction
solution (Figures 17c and d). Due to the increased size in the plates overall, we propose
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Figure 16: Resulting DyF3 nanoparticles by % molar replacement of oleic acid by the polycatenar
ligands. A=0%, B=20%, C=40%, D=50%, E=80%, and F=100% molar replacement.

that the steric bulk of the polycatenar ligand as compared to oleic acid enables additional
diffusion of the Dy3+ and F- ions onto the surface of nucleated DyF3 during growth. Some oleic
acid is required to passivate the diffusion rates, which explains the fused structures obtained with
80% and 100% replacement of oleic acid with polycatenar ligand. The resulting elongated plates
can be obtained in high yield and with a tight size distribution, as indicated by the lowmagnification TEM image in Figure 18. The X-Ray powder diffraction pattern (XRD) of these
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samples shown in Figure 18 confirms that the DyF3 elongated nanoplates maintain the same
rhombic P63cm space group as DyF3 NCs obtained from a pure oleic acid environment.64 This
approach has not been limited to the model reaction of DyF3, and providing identified
microreaction conditions, was further used to produce other well-defined monodisperse RE NCs,
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Figure 17: (Top) Low-magnification image of the elongated plates achieved at a 50% molar
replacement of oleic acid with the polycatenar ligands from the microreaction setup. (Bottom)
Powder X-Ray diffraction pattern of the polycatenar DyF3 trials. The peak assignment is
indicative of the α-phase DyF3.
38

including circular plates of LaF3 and EuF3 and octahedral LiYF4 and LiErF4, which are shown in
Figure 16e-h respectively. These results support the versatility of this setup and the added benefit
of the polycatenar ligand.

Room
Temperature Polycatenar
Polycat.
310 °C, 1hr

Polycat. + OA
Polycat.+ OA + ODE

340 °C, 1hr Polycat. + OA

Figure 18: Thermal stability of the polycatenary ligand. (Left) The thermogravimetric analysis of
the polycatenar ligand. Tracking the weight change as a function of temperature (green curve)
indicates that decomposition of the ligand begins at 320 °C, which is above the temperature of the
reaction. (Right) NMR spectra of the polycatenar ligands and reaction mixtures after being held at
the reported time for the noted amount of time. The results at 310 ᵒC indicate that the ligand does
not decompose during the synthesis. At 340 ᵒC, the change in the peaks correlated to e, f, and m
indicates the degradation of the ligand.

The thermal stability of the polycatenar ligand was evaluated using thermogravimetric
analysis (TGA) and NMR. TGA presented in Figure 19 indicates that the polycatenar ligand is
stable up to 320 °C. The NMR spectra provided in Figure 19 corroborates that the polycatenar
ligand is stable at temperatures up to 310 °C for 1 h, which is the necessary nucleation
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temperature for the RE NCs synthesis presented in Figure 20. Evaluating the reaction mixture
after 1 h in a salt bath at 340 °C however indicates the loss of distinguishing features of the
polycatenar ligand, implying the possible decomposition or chemical transformation. Recall that
such a high temperature is of interest for synthesizing doped upconverting β-NaYF4 due to the
high temperature ramp rate required to co-nucleate the rare-earth elements.61 Though the
polycatenar ligand could not be explored with β-NaYF4, the microreactor vessels are capable of
producing β-NaYF4 NCs through solvothermal synthesis, as shown in Figure 20. β-NaYF4 is
noted as the best host for upconverting RE elements due to its low phonon threshold and suitable
interatomic distances between dopants to curtail cross-relaxation between identical dopants.2

B

A

C

2 μm
Figure 19: β-NaYF4: 0.2%Tm, 20%Yb upconverting nanocrystals synthesized from the
microreactor vessel at 340°C for 40 min. A) Transmission electron microscopy confirms the
expected hexagonal prism morphology. B) Powder x-ray diffraction with β-NaYF4 peak
assignment. C) Optical response upon 980nm excitation.

A closer look at the DyF3 elongated plates obtained in an equimolar mixture of oleic acid
and polycatenar ligand reveals their distinguishing characteristics, such as concave curvature
features and incomplete growth. Figure 21 features a representative DyF3 elongated plate that
displays both occurrences. Figure 21a shows the presence of both a hole in the body of the plate
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and termination with a concave curvature. These features are present at a large scale, as seen in
Figure 18, but the degree of curvature varies between plates. Tilt tomography further elucidates
these features, as shown in the 3D reconstruction shown in Figure 21b. The schematic shown in
Figure 21c highlights the apparent positive, negative, and neutral curvatures of the edges of the
elongated plate, which may have important implications about the surface chemistry of these
plates. For example, Rotz et al. have reported that the negative curvature of gold nanostars coated
in Gd (III) labelled DNA limits water sequestration during magnetic measurements.183 The
negative curvature present in the DyF3 elongated plates may offer similar protection. While the
representative elongated plate shown in Figure 21 presents negative curvature in both the body
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and the tail of the particle, particles
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the batch
defects. Representative 3D reconstructions of each of these types of particles is shown in Figure
22.
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Figure 20: Analysis of a DyF3 elongated plate obtained from 50% molar replacement of oleic
acid with the polycatenar ligand. a) High magnification TEM image. b) A 3D reconstruction of
the plate from tilt tomography data. c) Illustration highlighting the curvature of the plate.
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Figure 21: 3D single-particle reconstructions of representative particles with either select defects,
namely a hole (left) and negative curvature (middle), or none (right).
The microreaction setup sheds light on new morphologies that may be possible, as well
growth mechanisms for the rare-earth fluorides that were previously unknown. Figure 23
highlights a distinct class of particles that were obtained with 50% molar replacement of the
polycatenar ligand and shorter reaction times. These particles (Figure 23a-c) present evidence of
a distinct growth pathway, such as screw dislocation,184 fused growth, or epitaxy, that was
induced by the presence of polycatenar ligand in the mixture. Their presence at shorter reaction
times may explain the defects present in the elongated plates. For example, a defect that is left
behind from a screw dislocation as shown in Figure 23b and 23d may present a site for further
etching into larger holes. While the representative samples shown in Figure 23 were found at a
reaction time of 10 min, the time series presented in Figure 24 indicates that the screw
dislocation site does persist beyond the 10 min into the reaction. The tilt series and 3D
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reconstructions presented in Figure 23d-e indicate that these distinct nanoparticles have a
mismatch between the fused edges, adding support for the screw-dislocation growth mechanism.
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Figure 22: Evidence of screw-dislocated particles with replacement of polycatenar ligand. a)
TEM image of three DyF3 screw-dislocated nanoparticles. b and c) Selected high-magnification

images of DyF3 nanoparticles. d and e) 3D reconstructions of the particles shown in b and c
respectively using electron tomography data.

Figure 23: TEM images of screw-dislocated and fused particles over time, at a) 10 min, b) 20
min, and c) 40 min.
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2.5 Conclusions
The microreactor design allows for the investigation of solvothermal reaction conditions
via a tandem parallel heating source. Monodisperse anisotropic RE NCs can be obtained from this
method, and these results scale up effectively. The microreactor enables more advanced and
controlled studies of the reaction parameters that direct high-temperature growth of NCs. This
design also allows for the exploration of custom-made polycatenar ligands, which result in
distinct morphologies of DyF3 NCs, such as elongated plates and screw-dislocated nanoparticles.
The pilot reaction conditions can be extended to other RE elements to access other wellcontrolled shapes such as octahedral, circular plates, and square bipyramidal NCs.
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3 SURFACE TREATMENT OF NANOPHOSPHORS FOR
ANISOTROPIC NANOCRYSTALLINE HETEROSTRUCTURES
WITH CONTROLLED DOMAINS OF NEGATIVE CURVATURE
3.1 Introduction
Recent advances in the design of nanocrystalline heterostructures offer new parameters in
material design that impacts the composition, morphology, and properties of large batches of
solution-processable nanomaterials. Nanocrystalline heterostructures represent an emerging class
of multifunctional 3D nanoarchitectures in which disparate nanocrystal domains are connected
through a solid-state interface. This oftentimes supports direct electro-magnetic coupling between
domains, resulting in new and potentially synergistic properties. Such NCs have been developed
for solar energy harvesting,1-3 heterogeneous catalysis,4-6 optical and electro-optical applications,79

biomedical imaging,10 and therapeutics.11-13 Typically, these hybrids are synthesized by a seeded

growth technique, in which preformed nanocrystals are used as seeds and additional domains are
epitaxially grown in subsequent reactions.14-16 This leads to either complete encapsulation of the
seed nanoparticles by the overgrown phase (core-shell) or asymmetric nanostructures like
dumbbells and flowers with single or multiple domains of the overgrown phase.16-18
One material that has shown promise for advanced material design is β-NaYF4
nanophosphors. In addition to the upconverting capabilities, β-NaYF4 has similar lattice
parameters (P63/m) and atomic size to the other rare-earth (RE) elements. It has been previously
shown that by tuning the reaction parameters of a solution of β-NaYF4 cores, post-synthesis
treatments can enable a breadth of morphologies to arise.167 It has been shown that such
morphologies, especially ones with concave feature, can drive particle motion and assembly in
new ways at the micron-size regime.185,186 Using such morphologies as the dumbells achieved
with β-NaYF4 could lead to advances in nanopost-driven assembly.
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Herein, we present an in-depth analysis of the post-treatment of NaYF4 UCNPs to make
anisotropic hourglass-shaped nanocrystalline heterostructures. Our work advances the previous
work by Liu et al. in two ways: 1. Reduces the synthesis procedure from three steps to two to
yield monodisperse NC heterostructures and 2. Extends the synthesis to the rest of the early rareearth (La-Eu) elements. We then analyze the negative curvature presented by this morphology for
its effect on the self-assembly of these particles. The simulations and proof-of-concept
experiments show that this distinct concave feature of the NaYF4⧗NaREF4 hourglasses can drive
the assembly of these materials, giving materials scientists a new hook with which to design
processable materials.

3.2 Experimental
Materials
Yttrium oxide (99.99%), erbium oxide (99.99%), and ytterbium oxide (99.99%),
lanthanum chloride heptahydrate (99.9%), praseodymium chloride heptahydrate (99.99%),
neodymium chloride hexahydrate (99.9%), europium chloride hexahydrate (99.9%), and
gadolinium chloride hexahydrate (99.9%) were purchased from GFS Chemicals. Cerium chloride
heptahydrate (99%), terbium chloride hexahydrate (99.9%, trace metal basis), and thulium
chloride (99.9%, trace metal basis) were purchased from Acros Organics. Dysprosium chloride
hexahydrate (99.9%, trace metals basis), erbium chloride hexahydrate (99.9%, trace metals basis),
ytterbium chloride hexahydrate (99.9%, trace metals basis), oleic acid (OA, 70% technical grade),
octadecene (ODE, 90%, technical grade), diethylene glycol (DEG, 99%, reagent grade) and
sodium fluoride (≥99%) were purchased from Sigma-Aldrich. Trifluoroacetic acid (TFA, 99%
biochemical grade), ammonia hydroxide, potassium nitrate, sodium nitrate, potassium hydroxide,
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sodium hydroxide, hexanes and methanol were purchased from Fisher Scientific. Ethanol (190
proof) was purchased from Decon Labs.
Synthesis of RE(TFA)3 from RE2O3
Approximately 10 g of RE oxide is added to 100mL of a 1:1 solution of Millipore water
and trifluoroacetic acid (TFA) in a round bottom flask. This suspension is heated to 80 °C and
stirred until clear. Once clear, the solution is allowed to cool to room temperature, then the
solvent is evaporated off, leaving the solid RE(TFA)3 behind.
Synthesis of β-NaYF4:Er,Yb upconverting nanophosphors
Similar to previously reported61 syntheses of RE NCs, this method uses the rapid thermal
decomposition of the RE(TFA)3 precursors to form β-NaYF4. RE(TFA)3 (3.6 mmol total, 78% Y,
20% Yb, 2% Er), 15 mL of OA, and 15 mL od ODE are added into a three-neck flask and heated
to 110 °C under vacuum for 45 min under vigorous magnetic stirring to form a transparent
solution. The reaction vessel is then filled with N2 gas and placed in a 342 °C 1:1 KNO3:NaNO3
salt bath for 45 min. The products are washed with hexane and ethanol three times and dispersed
in 20 mL of hexanes.
Synthesis of β-NaYF4⧗β-NaREF4 hourglass nanophosphorsIV
0.8mmol of RECl3·6H2O (RE=La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm, Yb) in 4 mL
methanol is mixed with 6 mL OA and 16 mL ODE in a three neck flask under vigorous stirring.
The mixture is heated to 150 °C for 30 minutes to evaporate all the methanol and water and form
a transparent solution. The system is open to air for the first 20 minutes and degassed under
vacuum for the next 10 minutes. After the solution is cooled down to room temperature, 10 mL of
methanol solution containing 1.6 mmol KOH and 1.6 mmol NaOH is added and the mixture is

IV

The synthesis and characterization was conducted in collaboration with Mingyue Zhang.
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stirred for 1 hour. The mixture is then heated to 110 °C for 30 minutes to remove methanol and
water. The system is open to air for the first 20 minutes and degassed under vacuum for the next
10 minutes. Then, the solution is injected with 2 mL (around 0.183 mmol) of as synthesized
NaYF4 in hexane under N2 flow and kept at 110 °C for 10 minutes under vacuum to evaporate
the hexane. The flask is then placed in the salt bath and quickly heated to 320 °C under N 2 flow
and kept for 2 hours. The products are washed with hexane and ethanol for three times and
dispersed in 10 mL of hexanes.
Self-assembly at liquid-air interface
As per a previously reported procedure98, the hourglass particles were dispersed in
hexanes and dropcast on the surface of diethylene glycol (DEG) in a wellplate. The well-plate
was capped, allowing for the slow evaporation of the volatile solvent. After at least 1 hr and up to
24 hr, a substrate such as a TEM grid was dipped underneath the surface of the DEG and drawn
up to collect the self-assembly. The assembly was dried under vacuum for 2 hr to evaporate the
DEG.
Freeze-fracture shadow casting (FreSCa) cryo-SEMV
This portion was described in previous literature.187 In brief, the hourglasses were
dispersed in decanes. MilliQ water was first injected and then covered with the particle solution.
After freezing, the samples were mounted under liquid nitrogen onto a double fracture cryo-stage
and transferred with under inert gas in a cryo-high vacuum airlock (5×10 − 7 mbar Bal-Tec/Leica
VCT010) to a pre-cooled freeze- fracture device at − 40°C (Bal-Tec/Leica BAF060 device). The
samples were then fractured and partially freeze-dried at −101 °C for 13 min to remove

V

FreSCa was conducted by Dr. Michele Zanini and Professor Lucio Isa of ETH Zürich Laboratory for

Surface Science and Technology
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deposited residual water condensation and ice crystals, followed by unidirectional tungsten
deposition at an elevation angle α = 304.5° to a total thickness δ = 2 nm at −120°C and by extra 2
nm with a continuously varying angle between 90° and 3045°. Freeze-fractured and metal-coated
samples were then transferred for imaging under high vacuum ( &lt; 5×10 − 7mbar) at −120°C to
a pre-cooled ( −120°C) cryo-SEM (Zeiss Gemini 1530) for imaging (acceleration voltage 5 kV).
Lock-and-key template fabrication and assemblyVI
A 10 mm x 10 mm silicon substrate is sectioned from a (100) test grade silicon wafer and
cleaned by sonication for 5 min in acetone, followed by rinsing in IPA. The substrate surface is
prepared by subsequently rinsing and drying with acetone, methanol, and IPA. 950 PMMA A4 is
spin coated at 4000 rpm and soft baked at 180°C for 90 sec, yielding a resist thickness of
approximately 200 nm. The sample is exposed by electron beam lithography on an Elionix ELS7500EX with an accelerating voltage of 50 kV, beam current of 50 pA, a base dose time of 0.4
µs, a 30 µm objective lens aperture, and a field size of 75 µm. The sample is developed for 60
sec in a 3:1 mixture of IPA:DI H2O. An Oxford Instruments Plasmalab 80 Plus is used for a 2
sec descum step using 75 mTorr, 150 W, and O2 at 100 sccm, yielding a resist thickness of
approximately 185 nm.
The synthesized are assembled into the fabricated trap sites using a hand squeegee
method. The NaYF4⧗RE hourglasses are dispersed in hexanes with a concentration of ~20
mg/ml. The sample is secured to a glass slide and the edge of a small square of PDMS larger
than the sample is placed in contact above the fabricated area at an angle of approximately 30°.
30 µL of the colloidal suspension is deposited over the sample area, and the PDMS squeegee is
slowly translated over the sample surface by hand at a rate close to the evaporation rate of the
VI

Templated assembly conducted and characterized by Austin W. Keller.
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hexanes. The translation direction is normal to the long axis of the trench-like trap sites. The trap
site is designed so the sidewall features provide complementary registration with particle
geometry in the lateral plane. The vertical dimension of the trap site permits only one particle.
All other particles which are excluded from the trap sites are forced to rest on top of the resist.
Liftoff of the PMMA resist is performed by submerging the sample in acetone in a glass
scintillation vial for 5 min. A pipette is then used to disturb the solvent around the patterned area.
Most of the acetone is extracted from the vial, leaving behind only a thin film on the substrate.
Fresh acetone is added and immediately disturbed over the sample area and then extracted. A thin
film of the solvent is left over the sample area and allowed to slowly evaporate.
Characterization
Transmission electron microscopy images were collected using a JEOL JEM-1400
microscope equipped with a SC1000 ORIUS CCD camera operating at 120 kV. Electron
tomography was collected using a Fischione model 2040 dual axis tomography holder and
automated SerialEM data acquisition. 3D reconstructions were calculated using ImageJ and the
TomoJ plug-in using the simultaneous iterative reconstruction technique.182 Powder X-ray
diffraction was measured using a Rigaku SmartLab high-resolution diffractometer with Cu Kα
radiation (λ= 1.5416 Å). An overview of the simulation program is offered in the ESI and the
referenced material.188 Room temperature upconversion emission spectra were acquired using an
Ocean Optics USB4000 fluorescence spectrometer using a Dragon Lasers 980 nm continuouswave laser as the excitation source. ICP-OES was performed on a Spectro Genesis spectrometer
with a concentric nebulizer. High-resolution scanning transmission electron microscopy and EDS
were performed using a JEOL JEM-2010F transmission electron microscope with an accelerating
voltage of 200 kV and equipped with an Octane SDD detector. Scanning electron microscopy
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(SEM) analysis is conducted on a JEOL 7500F HRSEM in high resolution mode using an

Etching
forof Anisotropy
accelerating voltage
5.0 kV, a beam current of 20.0 µA, and a probe current setting of 7 µA.
NaYF4 Cores
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3.3 ResultsVII
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Figure 24: TEM (top) and 3D reconstructions from single-particle tomography (bottom) of a) βNajmr, S.; Zhang, M.; Murray, C. B. “Controlled engineering and self-assembly of
NaYF4:Er,Yb cores and β-NaYF4⧗β-NaNdF4 after b)
etched rare-earth nanophosphors” In preparation

1 hr reaction time, c) 2 hr reaction time, and

d) 2 hr reaction time with twice the concentration of Nd3+ precursor. The reconstructions are false
colorized base on EDS data.

This synthesis method is a two-step process. First, the UCNPs are synthesized from the
bottom-up as described in previous reports.42,61 These UCNPs are shown in Figure 25a, and the
XRD pattern shown in Figure 26 confirms that they are in the B-phase. After the UCNPs have
been separated from the solution, they are added to a growth solution that contains the rare-earth

VII
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The synthesis and characterization was conducted in collaboration with Mingyue Zhang.
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chloride, base, OA, and ODE. While the reaction temperatures and conditions are similar to that
of the core synthesis, the basic environment and omission of a fluoride source enable the
subtractive etching that results in particles represented by the time series shown in Figure 25b-d.
This is corroborated with previous reports on the 3D control of nanophosphor morphology. 87,167
The growth follows two processes simultaneously: the nucleation/growth of the NaREF 4 and the
etching of the NaYF4. The basic environment increases the oleate concentration in the solution,
which binds preferentially to the [100] facet of the NaYF4 and effectively protects that facet from
nucleation. This results in nucleation of NaREF4 on the [001] facet. As the reaction proceeds, the
growth of the NaREF4 requires a fluoride source, so fluoride is scavenged from the NaYF4 core.
This is the process that leads to the hourglass morphology development shown in Figure 25b-d.
For the sake of brevity, the nomenclature of β-NaYF4⧗β-NaREF4 will be truncated to
NaYF4⧗RE.167 This process can be carried out until full etching of the NaYF4 core is complete,
leading to hexagonal-based conical pyramids.
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Figure 25: XRD patterns of NaYF4⧗RE after 1 hr of synthesis. The representative TEM images
indicate how the degree of growth and etching tapers moving across the periodic table from La to
Eu, ending at Gd.

The synthesis procedure can be extended to early rare earth elements (La-Eu), as shown
in the XRD patterns in Figure 26. The heterogeneity of the material allows the tracking of the
NaREF4 growth when etching and nucleation occurs. This heterogeneity is confirmed by STEMEDS analysis shown in Figure 27 which indicates clear domains of NaREF4 at the ends of the
hourglass. One trend that appears in the XRD data is that NaREF4 with larger lattice constants
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than the host material (in this case, NaYF4) will nucleate and grow, but we found this trend to be
merely a correlation as the early rare-earths are also more reactiveREF and allow for the etching

Expanding
across REs
procedure to progress more readily.

Nd
Y
Na
20 nm

20 nm

Figure 26: STEM (left) and EDS elemental map (right) of two NaYF4⧗Nd hourglasses.
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NaSmF4

NaGdF4

NaErF4

The degrees of etching and rates are vary across the period table, and the homogeneity of
the grown NaREF4 varies between different REs. As shown in the reconstruction of NaLaF4 in
Figure 28, the reactivity of the La precursor accelerates lateral growth of the NaLaF4, resulting in

200 nm

a flower-like nucleation at the edges of the NaYF4. On the other hand, NaYF4⧗Nd achieve nearly

200 nm

200 nm

100 nm

200 nm

complete growth of hexagonal ends, which we attribute to the lower reactivity of the NdCl 3
Najmr, S.; Zhang, M.; Murray, C. B. “Controlled engineering and self-assembly of
etched rare-earth nanophosphors”
In preparation
precursor.
Significant secondary nucleation is seen

when La and Ce are present, and the identity

of these secondary nuclei was determined to be REF3 based off of EDS analysis. Late REs were
also evaluated (Gd-Lu), but no growth or etching was observed, as seen in the representative
TEM images in Figure 26. The etching is contingent on the nucleation and growth of the
NaREF4, so we conclude that the late NaREF4 cannot crystallize with our current reaction
conditions. We believe this is due to the higher reactivity of early rare-earth cations. While
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cationic radius and lattice parameters as compared to the core RE (in this case, Y) could explain
why etching beyond Eu could not be achieved, shifting the host material to NaLuF 4 did not

enable the formation of NaLuF ⧗RE hourglasses.
anding across
REs
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Figure
27: Single-particle
of (left) NaYF4⧗La and (right) NaYF4⧗Nd. The side-on
anophosphors” In preparation
5

view (top) highlights the degree of etching, while bottom-up view (bottom) indicates the
homogeneity of the newly grown NaREF4. Scale bars represent 50 nm.
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These materials can be obtained in high yield and monodispersity, as shown in Figure
29. The monodispersity lends itself well to two avenues of interest: growth mechanic studies and
self-assembly. In regards to the growth dynamics, Figures 25-29 reveal that control over the
dimensions of the heterogenous hourglasses can be achieved in four ways: reaction time, choice
of RE chloride, concentration of the RE chloride, and changing the size of the original NaYF 4
core. With those in mind, a quantitative time series can be carried out to map when certain
dimensions can be achieved reproducibly.
Monodispersity
and Self-Assembly

200 nm

50 nm
Najmr, S.; Zhang, M.; Murray, C. B. “Controlled engineering and self-assembly of
etched rare-earth nanophosphors” In preparation

Figure 28: Low-magnification TEM image of a batch of NaYF4⧗Nd reacted at 1 hr. The inset 19
indicates the average dimensions of this batch. n = 100 particles.

A study of the dimensions as they change over the course of the reaction is shown in
Figure 30. The key parameters that were measured were the core length, hourglass length, width
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of the core, width of the secondary nucleation, waist of the hourglass, and angle of negative
curvature, as shown in Figure 30a. These parameters were grouped into two categories: those
that were defined primarily by the original cores used for the reaction (core length and width of
the core; Figure 30b) and those that developed over the course of the reaction due to the etching
procedure (width of secondary nucleation, hourglass length, waist, and angle; Figure 30c and d).
These parameters were tested at two different relative concentrations of Nd3+ to NaYF4 cores. At
double the Nd3+ concentration, the particles can be etched completely through within 90 min,
resulting in the particles seen in Figure 30e.
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a)
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26 mM Nd3+
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Core Length
26 mM Nd3+
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Hourglass
Length
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13 mM Nd3+

Figure 29: Evaluation of dimension development of NaYF4⧗Nd over reaction time at two
different concentrations of Nd3+ (26 mM and 13mM) relative to NaYF4 core concentration. a) A
schematic of the key parameters were evaluated, namely width, hourglass length, core length,
waist, and angle. b) The core-defined parameters of width and core length. c and d) The reactiondefined parameters of hourglass length, waist, and angle. Each error bar represents one standard
deviation of the average of 100 hourglasses.

In evaluating the results of the time series, there are two modes of subtractive etching that
occur over the course of the reaction. The first is a zone-specific etching process that results a
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faster digestion of the waist compared to the width of the core. The second is a ubiquitous etch
that occurs across the entire NaYF4 core. This is most apparent at the early stages of the reaction
when the width and core length have already decreased before much nucleation and growth has
occurred. It is also apparent in evaluating the angle in relation to the two tested reactions. While
the more dilute hourglasses achieved a smaller angle, they never etched to completion. This
indicates that the larger angles needed to have been drawn closer over the course of the reaction
to allow for the cleaving of the NaYF4 core, which would have been induced by a ubiquitous
etching process.
To evaluate if the newly grown NaREF4 is pure or doped by the excess core material (in
this case, Y3+, Yb3+, and Er3+) in the reaction mixture, ICP-OES was used. We chose NaNdF4 as
the test sample due to rigorous statistical analysis conducted at each stage of growth. We also
assume that all free Y3+and Nd3+ ions crash out during the cleaning of the particles with
hydrophobic ligands. Given the morphology of the tested hourglasses, a ratio of 2.3 Nd:Y could
be achieved if only Nd3+ nucleated without Y3+ doping. However, the actual atomic ratio is 1.8
Nd3+:Y3+, which indicates that dopants are indeed present in the NaNdF4 at the ends of the
hourglass. Using this ratio, lattice constants of NaYF4189 and NaNdF4,190 and the assumption that
the middle of the hourglass is solely NaYF4:Yb,Er, the ends of the hourglass are calculated to be
92% pure NaNdF4 at this stage in the growth process
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Synthesis: Properties
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Figure 30: The upconversion output of NaYF4⧗Nd hourglasses compared to their
untreated

NaYF4 cores under a) 980nm and b) 808nm excitation. c) The energy states responsible for 980
nm upconversion and 808 nm sensitization.
The upconverting capabilities of these heterostructured hourglasses persist, as showing in
Figure 31. As shown in the comparison in Figure 31 a of upconversion efficiency compared to
untreated NaYF4:Er,Yb cores, the upconversion efficiency of NaYF4⧗Nd hourglasses is
dampened. The reason is threefold: The first is the loss of matrix in which the Yb and Er elements
are within the proper ratios and distances to exchange energy. The second is increased solvent
interactions that increase phononic contributions to upconversion dampening. The third is that Nd
introduced alternative energy states that enable non-radiative pathways toward relaxation. In
exchange, the presence of the Nd enhances 808 nm excitation, which is shown in Figure 31b.
This result supports previous findings of NaYF4⧗Nd dumbells, as well as the expected energy
pathways shown in the diagram of Figure 31c.87
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3.4 Self-Assembly and Negative Curvature
With control over particle dimensions established, self-assemblies of the hourglass
nanoparticles could be pursued. Assembling the particles on a liquid-air interface results in
several motifs, which are highlighted in colorized TEM shown in Figure 32. Visual inspection of
such micrographs indicates that the hourglass morphology drives new modes of assembly due to
the anisotropy and geometry of the nanoparticles. Assembly vertical to the liquid-air interface in a
hexagonal close-packed (HCP) structure is the preferred orientation, which is to be expected
because the hexagonal surface maximizes deformation of the liquid-air interface. Staggered
assemblies that assembled in-plane with the liquid air interface can be found as well, but only
with short-range order. Interlocking motifs can also be observed, but again in short ranges.
Finally, closed loops can be observed, consisting of three particles that nest within each other’s

Self-Assembly with Negative Curvature

sites of negative curvature.

Directing capillary action

Stan Najmr Robin van Damme G. Solig

Staggered

HCP Monolayer

Interlocking

200 nm

Closed Cycle

Figure 31: TEM of drop-casted assembly of hourglass particles, with the various motifs in which
assembly occurs. The image is false-colorized to highlight these motifs.
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Directing the preferred orientation by controllable parameters would be an impactful
result for the self-assembly processes. Decorating the surfaces with nanoparticles to drive
assembly could result in new properties or enhanced surface wetting capabilities. To that end, we
investigated methods to drive assembly. One method was to change the polarity of the solvent
used as the dropcasting agent. Increasing the polarity using a 1:1 solution of acetonitrile as the
liquid interface enables short-range assembly of end-to-end stacking of the hourglasses. We
believe this is the case because this maximizes the interactions of the hydrophobic ligands and
minimizes interactions with the polar solvent. These results are shown in Figure 33.

1 um

200 nm
Figure 32: TEM images of end-to-end assembly of NaYF4⧗Nd hourglasses due to the increased
polarity of the drop-casting medium.
In order to evaluate if size and shape could be used as parameters to drive the selfassembly of these nanoparticles, we pursued computational modelling methods. The following
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models and simulation data were collected by Robin van Damme and Giusseppe Soligno of the
Soft Condensed Matter Group at Utrecht University. To verify these results, FreSCa
measurements were conducted by Dr. Michele Zanini and Professor Lucio Isa of ETH Zürich
Laboratory for Surface Science and Technology.
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Figure 33: Single-particle interactions with a liquid interface based on Young’s contact angle and
surface tension of the solvent. From these simulations, three stable configurations arise: a) the
quadripolar horizontal configuration, b) the vertical monopolar configuration, and c) the
hexapolar askew configuration which occurs at contact angles >80°.VIII
First, the single particle interactions with the liquid-air interface are modelled.191,192,193,194
The algorithm uses four main parameters: the dimensions of the particle, the Young’s contact
angle between the particle material and liquid interface, the surface tension of the liquid-air

VIII

Single-particle simulations of hourglass interactions with liquid-air interface conducted by Dr. Giuseppe

G. Soligno of the Soft Condensed Matter Group at Utrecht University, Netherlands.
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interface, and the degrees of freedom afforded to the particle in 3D space. The algorithm
calculates the free energy at each orientation of the particle and iteratively calculates the lowest
energy configuration at which the hourglass remains at the interface. The results of these
calculations and visualization of the interface deformation are show in Figure 34, which presents
the three stable configurations that result in local minima in the free energy. Figure 34a presents
the horizontal orientation, which is the most stable of the three in most solvents. It also results in
a quadripolar deformation of the liquid interface. Figure 34b is the least stable of the three
configurations but still presents itself as a local minimum through this algorithm. It presents no
deformation to the liquid interface. Finally, the orientation shown in Figure 34c is attainable in
solvents with a high contact angle (80-90°) to the hourglass material. It presents a hexapolar
deformation to the liquid interface.

Figure 34: FreSCa cryo-SEM images of hourglass nanoparticles at a decanes-water interface.IX

IX

FreSCa was conducted by Dr. Michele Zanini and Professor Lucio Isa of ETH Zürich Laboratory for

Surface Science and Technology
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To empirically verify the in-situ development of the quadrupolar deformation of the
liquid-air interface, FreSCa was pursued. This technique uses a flash-freezing procedure to
capture the liquid-liquid interface in-situ. Upon separating the interfaces, SEM or AFM can be
performed on the resulting assemblies to see their interaction with the surface. Previously, this
technique has been used to model the Young’s contact angle on isotropic nanoparticles.
Preliminary results on using these anisotropic particle system using this technique are shown in
Figure 35. The particle can be seen clearly with the SEM forming vertical and horizontal
configurations with the liquid air interface. However, no hexapolar mode has be visualized using
the current conditions. The resolution of the SEM used to characterize these results is not
sufficient for visualization of the liquid-liquid interface deformation, so AFM studies will be
pursued using a negative mask to track and verify the single-particle deformation of the interface.

200 nm

Closed Cycle
Interlocking
Staggered
HCP Monolayer
200 nm

Figure 35: Floppy-box confined assemblies of hourglass nanoparticles, colorized by (top)
orientation and (bottom) motif as described in Figure 32.X

X

Multi-particle assembly simulations performed by Robin van Damme of the Soft Condensed Matter

Group at Utrecht University, Netherlands.
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These single-particle calculations are then implemented into an ensemble measurement of
particles, shown in Figure 36. A floppy-box algorithm was used to model assemblies of these
single particles.195,196 In brief, the floppy-box algorithm is a Monte-Carlo algorithm in which a
small number of particles is placed in a periodic volume, the shape and size of which is allowed
to vary. By slowly increasing the pressure during the course of the simulation the system is then

Capillary-driven Assembly

compressed to its densest packing. Using these algorithms, the motifs shown in Figure 32 can
replicated using the single particle parameters. These results are shown in Figure 36. The
ensembles also show that, within the size regimes of particles that have been obtained thus far
empirically, there is no clear method of biasing the self-assembly by morphology alone.
Measurements are ongoing to divulge if the negative curvature may drive self-assembly in any
larger or smaller size regimes.

50 nm

50 nm

Najmr, S.;36:
Zhang,Tomography
M.; Murray, C. B. “Controlled
engineering
and self-assembly
of
Figure
of binary
assemblies
of (left)
NaYF4⧗Nd and PbS nanocrystals and
etched rare-earth nanophosphors” In preparation

(right) NaYF4⧗Nd and fused gold nanocrystals.
Beyond As proposed earlier, it could be expected that smaller nanoparticles would cluster
around the waist of the hourglasses, drawn to the capillary action caused by the negative
curvature of the hourglass. Early tomographic studies show that, indeed, a dress of small
nanoparticles will cluster around the hourglass’s waist, which is an excellent candidate for conical
reconstruction studies.197 Figure 37 shows this with PbS and gold nanocrystals being drop-cast a
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substrate pre-treated with NaYF4⧗Nd. As seen in the figure, gold will even fuse around the waist
of the nanoparticle when exposed to the electron beam, creating a dress of gold around the
hourglass.

a)

PMMA
Si
NaYF4⧗Nd

b)

c)

Figure 37: Lock-and-key assembly of NaYF4⧗Nd hourglasses. a) Schematic for lift-off template.
b) Low-magnification SEM images of stripes of NaYF4⧗Nd hourglasses after liftoff. Scale bar
represents 2 µm. c) SEM image of NaYF4⧗Nd after liftoff. Scale bar represents 2 nmXI
The concave feature of these nanocrystals opens up these particles for their use in lockand-key assembly using nanofabricated templated. Using a lithographic templating, an etched
substrate can be produced that has holes that fit the negative curvature sites on the
nanophosphors, as visualized in Figure 38a. Figure 38b indicates that when such a template is
used, long-range end-to-end stacking of NaYF4⧗Nd is achieved, with preliminary results

XI

Templated assembly conducted and characterized by Austin W. Keller.
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indicating a fill-factor of 98%. Lift-off of the template perserves the particle morphology, as
shown in Figure 38c. These results indicate the promise of such a lock-and-key mechanism to be
used for large-scale patterned assembly with fixed orientation.

3.5 Conclusions
This work has divulged a degree of control over negative-curvature in nanocrystals that
was previously unmatched. The chemistry of NaREF4 nanocrystals enables the formation of
NaYF4⧗RE hourglasses whose morphology can be tuned by reaction parameters and choice of
REs. The control over morphology allows for this negative curvature to be utilized in assembly,
be it by self-driven capillary action or templated assembly.
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4 Preparation of silica coated and 90Y-radiolabeled ß-NaYF4
upconverting nanophosphors for multimodal tracing
4.1 Introduction
As detailed in Chapter 1, multi-photon processes such as upconversion have come to the
forefront of imaging research. The anti-Stokes shift limits autofluorescence of nearby molecules
within a specimen, which greatly improves the ability to distinguish the targeted entity from the
background.22 While several materials and molecules are capable of upconversion, rare-earth
(RE) compounds remain the best hosts for NIR-to-visible upconversion.2,20–24 Compared to the
alternatives, the REs offer wide upshifting (>3 eV) that can be stimulated using a continuous
wave source due to the utilization of real excited states promoted by the f-orbitals.1–4 Combining
these processes with the solution-processability and high-modality potential of nanomaterials has
made upconverting nanophosphors (UCNPs) the major focus for modern theranostics
research.30,140
Another form of imaging commonly used in nuclear medicine relies on the presence of
unstable isotopes within radiolabeled molecules or nanoparticles (radiotracers) to produce a
signal around the site of interest.198–200 Radiotracers do not rely on an external excitation source,
enabling a penetration depth that exceeds that of optically-stimulated species.32,138,139 In addition,
radionuclide-based imaging techniques such as positron emission tomography are highly sensitive
and capable of tracing physiological processes without exerting pharmacological effects.
Radionuclides such as
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Y,

18

F, and

64

Cu have been incorporated into crystal lattices through

radiolabeling with subsequent demonstrations of selective imaging.142,200,201 Radionuclides also
offer standard and selective therapeutic benefits, as seen with β-emitting 90Y.202,203
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When designing upconverting or radioactive nanoparticles for biological systems, the
size, morphology, and surface chemistry of the nanoparticles are critical considerations. Very
small (<5 nm in diameter) nanoparticles offer excellent cell penetration but suffer from rapid
clearance, resulting in poor tumor accumulation and short half-life.204–206 On the other hand, large
(>100

in

diameter)

nanoparticles

exhibit

improved

pharmacokinetics

and

vascular

extravasation.207 UCNPs in particular benefit from a small surface-to-volume ratio from limited
surface defects and solvent interactions that facilitate non-radiative charge recombination.208 The
morphology of the nanoparticles also plays a critical role in cell uptake, with anisotropic particles
such as cubes and rods showing preferred uptake over spheres.209 Altering the surface chemistry
with tumor-specific markers further assists in nanoparticle uptake and targeting.201
We have previously reported magnetic 90Y-radiolabeled gadolinium fluoride nanocrystals
through a chloride-based synthesis method.151 Four-modal

153

Sm-radiolabeled UCNPs have been

reported as well,210 yet the use of a RE with f-orbital valency as the β-emitter reduces
upconversion efficiency by promoting non-radiative cross-relaxation between RE ions.174 Herein,
we extend the concept of multimodality to produce

Y-radiolabeled β-NaYF4 UCNPs using a

90

versatile trifluoroacetate (TFA) based synthesis method. To accomplish this goal, a hydroxide
metathesis processing method is employed to incorporate the

90

Y into the RE(TFA)3 precursor.

This versatile method can be extended to other radionuclides like 86Y to enable positron emission
tomography with UCNPs.211 The resulting large (>100 nm in height and width), 90Y-radiolabeled
β-NaYF4 UCNPs were then coated with silica using a modified Stöber process to enable their
dispersion in polar solvents. Doing so makes the vast library of silica surface chemistry accessible
to upconverting radiotracers, offering additional modes of functionality.
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4.2 Experimental
Materials
Yttrium oxide (99.99%), yttrium chloride (99.99%), and erbium oxide (99.99%) were
purchased from GFS Chemicals. Yttrium-90 (90Y) chloride was purchased from Perkin Elmer.
Oleic acid (OA, 70% technical grade), octadecene (ODE, 90%, technical grade), sodium fluoride
(≥99%), Igepal® CO-520 and tetraethyl orthosilicate (TEOS, >99.0% (GC)) were purchased from
Sigma-Aldrich. Trifluoroacetic acid (TFA, 99% biochemical grade), potassium nitrate, sodium
nitrate, cyclohexane, ammonia hydroxide and acetone were purchased from Fisher Scientific.
Synthesis of RE(TFA)3 from RE2O3
Approximately 10 g of RE oxide is added to 100mL of a 1:1 solution of Millipore water
and trifluoroacetic acid in a round bottom flask. This suspension is heated to 80 °C and stirred
until clear. Once the solution becomes clear, it is allowed to cool to room temperature, then the
solvent is evaporated off, leaving the solid RE(TFA)3 behind.
Synthesis of RE(TFA)3 from RECl3 through hydroxide metathesis
Approximately five grams of RE chloride is dissolved in 25 mL Millipore water in a
falcon tube. For the isotope-doped Y(TFA)3, 10mCi of

Y chloride dispersed in 500 μL of

90

Millipore water is added as well. Then, 10 mL of concentrated ammonium hydroxide is added to
the solution, causing solid Y(OH)3 to form. The precipitate is collected via centrifugation and
washed several times with Millipore water to remove excess NH3OH from the solution. Then, 3M
trifluoroacetic acid is added to the falcon tube to dissolve the RE(OH) 3 and form aqueous
RE(TFA)3. The solvent and excess trifluoroacetic acid is evaporated off, leaving the solid
RE(TFA)3 behind.
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Synthesis of β-NaYF4:Er,Yb UCNPs
Similar to previously reported syntheses of RE UCNPs,64 this method uses the rapid
thermal decomposition of the RE(TFA)3 precursors to form β-NaYF4. RE(TFA)3 (3.6 mmol total,
78% Y, 20% Yb, 2% Er) and NaTFA (3.8 mmol) is added to 30 mL of a 1:1 solution of oleic acid
and 1-octadecene into a three-neck flask and heated to 120 °C under vacuum for 45 min. The
reaction vessel is then filled with N2 gas and placed in a 340 °C 1:1 eutectic mixture of KNO3 and
NaNO3 for 40 min. The UCNPs are isolated from the reaction mixture by adding 40mL of a 1:1
hexanes and ethanol solution and centrifuging at 6000 rpm for 2 min. The resulting UCNPs are
dispersed in hexanes and no further size-selective precipitation strategies were employed.
Electron microscopy is conducted after the radioactivity has been given sufficient amount of time
to subside (~2 months).
Silica-coating procedure for large (>100 nm) β-NaYF4 UCNPs
1.6 mL Igepal CO-520, 6.0 mL cyclohexanes, and 1.0 mL of a 1.0 mg/mL solution of the
β-NaYF4 UCNPs are mixed in a scintillation vial and stirred for 10 min. Then, 6.0 mL Igepal
CO-520, 0.2 mL Millipore water, and 0.025 mL TEOS are added to the solution and sonicated for
20 min. 100 µL of 1% ammonia water is then added to the solution and stirred for a given amount
of time, typically 1 hr to 2 days. The particles are then precipitated from solution by adding 10
mL acetone and centrifuging. The particles can then be dispersed in polar solvents.
Characterization
Transmission electron microscopy images were collected using a JEOL JEM-1400
microscope equipped with a SC1000 ORIUS CCD camera operating at 120 kV. Electron
tomography was collected using a Fischione model 2040 dual axis tomography holder and
automated SerialEM data acquisition. 3D reconstructions were calculated using ImageJ and the
TomoJ plug-in using the simultaneous iterative reconstruction technique.182
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Powder X-ray diffraction was measured using a Rigaku SmartLab high-resolution
diffractometer with Cu Kα radiation (λ= 1.5416 Å). The XRD simulation uses an atomistic model
of the nanocrystalline hexagonal prisms—the dimensions and approximate crystal lattice for
which were derived from using information from TEM characterization and experimental
parameters—to accurately simulate the expected XRD pattern from particle morphology and size
statistics. The XRD simulation uses the Debye equation to calculate the intensity as a function of
the scattering parameter q and the atomic form factors Fm and Fn. The Debye formula allows
calculation of the X-ray scattering intensity at any angle for a given set of atomistic coordinates.
The form factors are calculated using Cromer-Mann coefficients, and are multiplied by a
temperature factor which uses the Debye-Waller factor. The Debye equation is discretized by
binning identical distances in the structure to improve calculation time. Size distribution is
accounted for using a Gaussian weighted sum of 31 patterns from individual nanocrystals using
two standard deviations.
For this experiment, the unit cell for the atomistic model was made using the space group
No. 176 (P63/m) with lattice parameters a = 5.9688 Å and c = 3.5090 Å. The nanocrystals were
simulated as a hexagonal prism with a vertex-to-vertex diameter of 10 nm and a height of 7.6 nm.
A standard deviation of 5% was used for the size. The dopants of Er 3+ and Yb3+ randomly
replaced 2% and 20% of the Y3+ atomic sites, respectively. The x-ray simulation used a step size
of 0.02°, and an input of 3.0 was used for the Debye-Waller Factor.188
Room temperature upconversion emission spectra were acquired using an Ocean Optics
USB4000 fluorescence spectrometer using a Dragon Lasers 980 nm continuous-wave laser as the
excitation source. ICP-OES was performed on a Spectro Genesis spectrometer with a concentric
nebulizer. For radioluminescence thin layer chromatography (RadioTLC), a sample of 2 µL was
spotted at the origin of the TLC plate. Then the plates were placed in a 1:1 saline:methanol
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solution and was allowed to develop until the solvent front reach 1 cm from the top of the plate.
After drying, the plates were exposed to a phosphor film for 1 hr to quantify radioactivity. After
drying, the phosphor films were read on a Perkin Elmer Typhoon FLA 7000 Digital
Phosphorimager. High-resolution scanning transmission electron microscopy and EDS were
performed using a JEOL JEM-2010F transmission electron microscope with an accelerating
voltage of 200 kV and equipped with an Octane SDD detector.

4.3 Results and DiscussionXII
Bottom-up incorporation of 90Y into β-NaYF4 UCNPs is achieved by producing a doped
Y(TFA)3) precursor through the hydroxide metathesis reaction shown in Figure 39.

90

Y is

typically distributed as a chloride salt, yet the TFA salts enable the breadth of synthesis methods
developed for RE fluoride nanocrystals using rapid solvothermal decomposition. 51,61,88 To ensure
homogenous distribution of the 90Y ions into the precursor and prevent chlorides

Figure 38: Scheme of two-step hydroxide metathesis to produce the TFA precursor from aqueous
RE salts.

XII

ICP-OES data collected by Jennifer D. Lee. Silica-coating synthesis conducted in collaboration with

Tianfeng Lu. XRD simulations conducted by Austin W. Keller. Special thanks to Dr. Mehran Makvandi
and Prof. Daniel Pryma of the Perelman School of Medicine for providing guidance and lab space.
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from altering the reaction dynamics, a hydroxide metathesis processing method is pursued. This
method was used in prior literature to produce RE salts for coordination studies 212,213 and is now
commonly employed for the purification of actinides.214,215 To start, an aqueous yttrium species,
such as a nitrate or chloride, is dissolved in water and precipitated out using a source of hydroxide
ions. For this study, ammonium hydroxide was the hydroxide source of choice because it left
minimum cationic impurities in the Y(TFA)3 precursor. This was determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES) data that is shown in Supplementary
Table 1. After adding the hydroxide, the solid Y(OH)3 is separated by centrifugation and treated
with trifluoroacetic acid, which digests the Y(OH)3. Evaporating the solvent leaves the
radiolabeled Y(TFA)3 precursor behind.
Table 1: ICP-OES Element Analysis of Precursors Synthesized from Hydroxides
Units are (µg of element)/(mg of RE(TFA)3 precursor)
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Li (µg/mg)

Na (µg/mg)

K (µg/mg)

From LiOH

56.8 ± 0.1

13.3 ± 0.1

2.6 ± 0.1

From NaOH

0.6 ± 0.1

264.3 ± 0.1

3.2 ± 0.1

From KOH

0.5 ± 0.1

15.7 ± 0.1

333.5 ± 0.1

From NH4OH

< 0.1

23.2 ± 0.1

0.1 ± 0.1

Conventional Y2O3
Method

0.4 ± 0.1

10.6 ± 0.1

2.3 ± 0.1

Figure 39: Diagram of multi-functional ß-NaYF4 UCNPs

Using hydroxide metathesis offers several advantages over conventional oxide digestion
methods for forming RE(TFA)3.216 In addition to ensuring the homogeneous distribution and
complete incorporation of the

90

Y dopants into the precursor, hydroxide metathesis can be

conducted within an hour to preserve the activity of

Y (τ1/2 = 64.1 hr). While

90

90

Y was the

radionuclide of choice for this study due to commercial accessibility, this method could be
extended to incorporate other Y radionuclides of interest, like positron-emitting

86

Y (τ1/2= 14.7

hr). Due to the similar reactivity of the REs, this process should also be extendable to incorporate
other RE radionuclides, like β-emitting

Lu (τ1/2= 159.5 hr) and β-γ emitting

177

Sm (τ1/2= 46.3

153

hr). This method is conducted in a single centrifuge tube without heating, which mitigates
contamination of multiple vessels over alternative annealing methods to achieving the Y(TFA)3
precursor. This hydroxide metathesis processing method can be used as an alternative route to
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forming ionic precursors with REs that form stable oxides, such as Ce (III) and Tm (III).217

Figure 40:

90

Y-radiolabeled β-NaYF4: 2%Er, 20%Yb synthesized from rapid thermal

decomposition. a) TEM image of the hexagonal

Y-doped β-NaYF4 UCNPs. b) Experimental

90

and simulated XRD patterns of the hexagonal UCNPs, confirming their P63/m crystal symmetry.

The radiolabeled β-NaYF4:Er,Yb UCNPs are visualized in Figure 40. The depicted
nanocrystal is truncated by a factor of two million for clarity. The loading of 90Y shown in Figure
4.1, though achievable, exceeds the loading demonstrated in this report. The 90Y-doped β-NaYF4:
2%Er, 20%Yb UCNPs isolated from the rapid solvothermal decomposition of the

90

Y-doped

RE(TFA)3 precursors are described in Figure 41. The transmission electron microscopy (TEM)
image shown in Figure 41a verifies the hexagonal morphology of the nanocrystals. While large
hexagonal prisms were pursued for this work, this solvothermal decomposition method has been
shown to yield hexagonal plates and rods of various sizes by tuning the reaction times and
precursor concentrations.51,61 The experimental powder x-ray diffraction (XRD) pattern displayed
in Figure 41b shows that the UCNPs exhibit the expected reflections of a P63/m space group,189
confirming that the material is β-phase NaYF4. β-NaYF4 has proven to be the optimal host lattice
for upconversion events due to its low phonon threshold, suitable interatomic distances, and lack
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of energy states that would allow for non-radiative cross-relaxation to occur.2 Due to the high
doping concentration, the experimental XRD pattern for the synthesized β-NaYF4 cannot be
matched to a classic bulk pattern for β-NaYF4. Thus, Figure 41b presents a simulated pattern that
was produced from our previously described XRD simulation program.188 Due to computational
restraints, a smaller size (10 x 7.6 nm) UCNP was modelled, which results in peak broadening
and overlap. Regardless, the peak positions and relative intensities of the simulation in
comparison to the experimental data support that the NaYF4 UCNPs are in the β-phase.

Figure 41: β-emitting and optical properties of synthesized UCNPS. a) RadioTLC of UCNPs
compared to the water-soluble precursors. b) Upconversion fluorescence spectrum of 90Y-doped
UCNPs under 980 nm excitation before and after silica coating, normalized per concentration of
upconverting material. The inset schematic describes the energy transfer processes between the
Yb3+ and Er3+ that result in 980 nm upconversion.

The radio thin layer chromatography (RadioTLC) shown in Figure 42 a compares the βemitting properties of the precursors to the UCNPs. Using solvothermal conditions, the UCNPs
are capped with non-polar oleate ligands, rendering them immobile on a silica gel stationary
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phase when exposed to a polar mobile phase (1:1 saline/methanol solution). In contrast, both the
YCl3 and Y(TFA)3 precursors are water-soluble and will travel with a polar solvent front. While
both precursors display similar retention factors, the UCNP’s activity remains at the origin,
confirming that 90Y incorporation was successful.
The average 90Y per UCNP was calculated to be 4.7 atoms/UCNP based on the activity of
90

Y, size of the nanocrystals, and the following assumptions. First, all

90

Y from the vendor is

completely transferred from the bottle to the reaction solution. Second, the impact of

90

Zr (the

product after 90Y β-decay) on molar concentrations is negligible. Third, there is no difference in
reactivity between 90Y and 89Y. Fourth, incorporation of 90Y into the Y(TFA)3 through hydroxide
metathesis is homogeneous. Finally, incorporation of

Y into the β-NaYF4 UCNPs is also

90

homogeneous.
As the fluorescence spectrum in Figure 42b indicates, the UCNPs capacity to upconvert
980 nm light is preserved with 90Y doping. The spectra described in this figure were normalized
to the concentration of upconverting material in the sample. The NIR-to-visible upconversion is
achieved in a multistep process by which two or more photons of 980 nm light are absorbed by
the Yb3+ ions, the energy is transferred to the neighboring Er3+ ions, and the Er3+ ions relax
radiatively to the ground state, producing green (Er3+ 2H11/2»4I15/2 and 4S3/2»4I15/2) and red
emissions (Er3+ 4F9/2»4I15/2).24 This energy transfer process is highlighted in the inset schematic in
Figure 42b. The optimized doping concentrations to prevent non-radiative cross-relaxations
between ions (2% Er, 20% Yb by mole) has been identified in a previous combinatorial study and
utilized herein.74 Swapping out the Er3+ ions with other REs, such as Tm3+ or Ho3+, results in
different wavelengths of upconverted light, such as UV and blue light.135 In the case of these
radiolabeled UCNPs, some cathodoluminscence could have been expected to arise due to the
interaction of the highly-energized β-emission (2.280 keV) with the upconverting ions. However,
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no autoluminescence of the UCNPs was observed, confirming the viability of these UCNPs as
multimodal tracking agents.

Figure 42: Silica-coating on large anisotropic UCNPs using an adapted Stöber method. When
TEOS is added first, TEOS coats the large UCNPs in small packets and block Igepal CO-520
scaffolding, resulting in an inhomogeneous silica coating. Alternatively, adding Igepal CO-520
first supports a micelle large enough that evenly draws TEOS onto the surface of the UCNP,
resulting in a homogenous silica coating. Scale bars represent 100 nm.

To make the UCNPs viable for applications in polar solvents, we pursued an adapted
Stöber method for silica-coating nanoparticles.67,218,219 In brief, the Stöber method is facilitated by
partially exchanging a nanoparticle’s surface ligands with tetraethyl orthosilicate (TEOS) and
promoting hydrolysis to build a silica shell around the nanoparticle in solution. Controlled
hydrolysis is aided by the presence of a polymeric surfactant ligand, such as Igepal CO-520
(poly(oxyethlene)5 nonylphenyl ether), and the formation of reverse micelles. Contrary to
previous reports of this method on smaller (~10nm) nanocrystals,67 we find that the order of
introduction of the TEOS and surfactant affects the homogeneity of the silica shell on larger
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UCNPs. The distinction is highlighted in Figure 43 with TEM images. Successful silica coating
using the Igepal-first method is further analyzed in Figure 44, while Figures 45 and 46 show
time series of the TEOS-first and Igepal-first methods respectively. When TEOS is exchanged
onto the surface of the large UCNPs first, the integrity of the resulting silica coating is
compromised. When Igepal CO-520 is exchanged onto the surface first, the coating is
homogenous and the presence of secondary silica nuclei is reduced. We believe this is primarily
due to the size of the UCNPs; Figure 47 shows smaller RE fluoride nanocrystals with similar
degrees of anisotropy that were successfully coated. At diameters greater that 100 nm, the Igepal
CO-520 is essential to sustaining a micelle large enough for TEOS to evenly coat the UCNP.
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Figure 43: Silica coating of 90Y-radiolabeled UCNPs. a) Low magnification TEM image of the
UCNP displaying batch-scale silica coating. b) EDS elemental mapping confirms silicon around
the surface of the UCNPs. c and d) Single-particle 3D reconstruction from electron tomography.
Profile views are of the [001] (c) and [100] (d) facets of the β-NaYF4.
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Figure 44: Time series of the TEOS-first method on β-NaYF4 UCNPs treated for a) 1 hr, b) 2 hr,
and c) 3 hr. Scale bars represent 100 nm.

Figure 45: Time series of the Igepal-first method on UCNPs treated for a) 1 hr, b) 2 hr, c) 3 hr, d)
4 hr, e) 6 hr, and f) 24 hr. Scale bars represent 100 nm.
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Figure 46: Silica coating of additional anisotropic RE nanocrystals. (Top) LiYF4 octahedra and
(bottom) DyF3 rhombic plates are successfully coated using the TEOS-first method for silica
coating.

The silica-coating procedure could be conducted on batches of particles with consistency
across particles, as shown in the low magnification TEM image in Figure 44a. As indicated in
the energy dispersive spectroscopy (EDS) elemental mapping shown in Figure 44b, the silica is
localized at the exterior of the UCNP, while yttrium remains in the core. Figures 44c and d offer
profile views of a 3D reconstruction of the silica-coated UCNPs that was acquired through
electron tomography. The β-NaYF4 and silica offer distinct contrast by the transmitted electrons
and thus could be differentiated at each step of the tilt series to allow for 3D reconstruction. The
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view along the [100] plane shown in Figure 44d highlights the close adherence of the shape of
the silica shell to the morphology of the large UCNP.
When silica-coated, the UCNPs retain their upconverting and β-emitting properties
simultaneously. Figure 42b indicates that the optical properties of the silica-coated UCNPs
persist, but are dampened by the presence of the silica shell by 23%. This dampening factor is
calculated after correcting the normalization for the concentration of silica around each UCNP.
The observed quenching factor is comparable to quenching seen in smaller silica-coated
UCNPs.220–222 Two factors play into this quenching: the presence of the silica shell and
interactions with the polar solvents. Both factors introduce additional vibrational modes around
the UCNP, which increases the frequency of non-radiative charge recombination to occur on the
surface of the UCNP. Comparing the Er3+ 4S3/2 and 4F9/2 peaks indicates a green-to-red ratio of
10:1 that is consistent between the uncoated and silica-coated UCNP. This suggests that the
quenching factors affect energy transfer ubiquitously. Once the UCNPs are transferred into a
polar solvent, Čerenkov radiation is also expected to occur as previously displayed with the
radiolabeled GdF3 nanocrystals.143,151,154

4.4 Conclusions
We have described a solvothermal method for producing

90

Y-radiolabeled β-

NaYF4:Er,Yb UCNPs using a rapid and versatile hydroxide metathesis process for preparing
RE(TFA)3 precursors that can be extended to other RE radionuclides. The β-emission presented
by the isotope does not interfere with the upconversion properties of the UCNP, making these
viable multimodal tracers. An adapted Stöber method coats the large UCNPs with a homogenous
silica coating to enable the dispersion of these materials in polar solvents. This opens the door to
the library of silica surface chemistries that could enable additional modes of sensing.
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5 CONCLUSIONS
This work has investigated the bottom-up synthesis of rare-earth nanocrystals to create
advanced morphologies of materials previously unknown. Each chapter highlights the importance
of critical components to the growth process.
In Chapter 1, we describe the legacy of rare-earth nanocrystal to date. In Chapter 2, we
begin to drive this history into new directions by showing that the introduction of exotic
polycatenar ligands to the reaction mixture drives the development of elongated DyF3 plates.
Defects arise due to the steric bulk of these ligands, offering chemists a platform by which they
can create new RE NC morphologies. In Chapter 3, we take this concept of etch growth and
applies it to conventional NaYF4 UCNPs to create hourglass heterostructures with tunable
dimensions. These dimensions give rise to sharp yet controlled negative curvature that we utilize
to direct self-assembly. In Chapter 4, we offer hydroxide metathesis as a method for creating
radioisotope-doped NaYF4@SiO2 to enable both upconversion and isotopic tracing. This avenue
can be used to introduce several similarly cooperative properties into the host rare-earth matrix
These chapters have demonstrated the state-of-the-art in bottom-up nanocrystal
engineering. Extending these concepts offers chemists new capabilities for designer
nanomaterials that can be used in optical, electronic, and medical applications.
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6 A SERVICE LEARNING STEM COURSE DESIGN TO ADVANCE
UNDERGRADUATE STUDENT TEACHING AND LEARNING
TRHOUGH K-12 PARTNERSHIPS
6.1 Introduction:
Effective communication between scientists and the public is critical to public
understanding and acceptance of science. Traditional attempts to engage the public have focused
on a “deficit model,” which is predicated on the belief that providing the public with knowledge
improves their trust in science.223 However, recent studies indicate that individuals’ perceptions
of science are only weakly correlated to their level of knowledge; 224 culture, economic status,
social and political values, ideology, and media portrayals of scientists play larger roles. 223,225
Interestingly, research has also suggested that individuals’ views are most often changed through
activities that emphasize in-person, two-way dialogue,226 and “serendipitous” encounters with
scientists227 rather than through conventional informational methods, such as internet articles.
The communication of scientific information to the public has increasingly come to be
regarded as the responsibility of scientists,226,228 but undergraduate science, technology,
engineering, and mathematics (STEM) programs most often provide no formal training in science
communication. Scientific training of undergraduate students in STEM fields focuses on high
levels of specialization, content knowledge, and research skills. Most students receive many
opportunities to hone their communication skills with other scientists through grant proposals,
conference posters, and talks but have very few formal opportunities to communicate with
general audiences.
Several examples of undergraduate elective courses directly targeting scientific
communication have been reported recently.229–233 This includes a biology course designed
around oral communication of evolutionary concepts to the public229 and a neuroimmunology
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course focused on written communication of recent scientific advances to a general audience. 230
Communication can also be a key component of the course’s structure, as seen in models such as
flipped classrooms232 and peer-led team learning.231,233 Analyses of these courses have found
benefits to undergraduates, who demonstrated more sophisticated understanding of scientific
concepts and refined oral and written communication skills.229–233 Another study indicated that
graduate students who served as teaching assistants were able to generate more effective
hypotheses and experimental designs than graduate students who only engaged in research.234
With this research in mind, the Department of Chemistry and the Netter Center for
Community Partnerships at the University of Pennsylvania collaborated to develop a course,
Chemistry 010, through which undergraduates design and facilitate chemistry experiments for
secondary school students from public schools in West Philadelphia. Service-learning courses
emphasize the experiential aspect of learning,235–238 and reinforcing this with the interactive
nature of general chemistry labs creates an impactful STEM experience for both K-12 and
undergraduate students.239 Community partnerships have been a proposed mechanism for
integrating service-learning into chemistry curricula,240–242 and our model does this through
established partnerships with middle and high schools.243–245
Herein, we provide the framework of Chemistry 010 as it was carried out in Fall 2015
and Spring 2016. We then explore Chemistry 010’s impact on undergraduate communication.
Analyzing the undergraduates’ reflections written over the duration of the course supports that it
was effective in improving communication skills. We believe this course model could be
extended to other universities, and we offer suggestions to instructors looking to provide a
chemistry-based service-learning course in their STEM curricula.
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6.2 Course Description
Chemistry 010 was offered in Fall 2015 and Spring 2016 as a 3-credit hour course. Over
the course of an academic year, 26 teaching associates (TAs) consisting of sophomores, juniors,
seniors, and post-baccalaureate students designed 20 experiments for 96 secondary students
ranging from grades 6 to 12. The secondary students traveled to Penn’s campus, and each
secondary student spent a total of 12 hours at Penn’s teaching labs over the course of 4 visits. The
TAs also prepared 10 experiments through their independent projects and implemented each
experiment twice at our partnered secondary schools.

6.2.1 Enrollment Statistics
As can be seen in the enrollment distribution by year shown in Table 2, this course
primarily appealed to junior and senior students. We rostered the course at low number to
encourage participation from first- and second-year undergraduates who may not have had
extensive prior experience in chemistry. However, no first year students enrolled in either
semester of Chemistry 010, which may suggest the appeal of service-learning opportunities and
scientific communication training to upper-level STEM students.
Conversely, our aim for this course to appeal to a breadth of majors was met, as shown in
Table 3. 81-percent of the class was pursuing non-Chemistry majors. Of the declared majors, 82percent were in STEM fields, including pre-health post-baccalaureate programs. Due to the broad
representation of STEM majors, in-class discussions of chemistry communication were expanded
to generally focus on scientific communication and how university-community partnerships can
support STEM learning.

89

Table 2: Class Years of Enrolled Students for the 2015-2016
Academic Year as Listed in the Course Registrar

Student Classification

Number of
Students (n=26)

Sophomore
Junior

4
7

Senior

12

Post-baccalaureate

3

Table 3: Majors of Enrolled Students for the 2015-2016 Academic Year
Number of
Students (n=26)

Major
Biochemistry
Biological
Behavior

Basis

2
of

2

Biology

5

Chemistry
Computer Engineering

5
1

Health and Societies

1

Political Science

1

Wharton Business
Undeclared

2
4

Post-baccalaureate

3

6.2.2 Schedule
The course was offered as a once per week, three-hour morning block to ensure that TAs
would be available for the duration of the secondary students’ visits. As outlined in Figure 48,
the semester was divided into four sections: Training and Information, Preparation/Reflection,
Teaching Experiments, and Independent Projects. The first two weeks of both semesters were
devoted to training TAs in effective communication techniques and best teaching practices. Then,
TAs developed two proposals for a chemistry activity suitable for a secondary student audience.
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Chemistry 010 instructors evaluated and selected proposals to be developed into a full-length
activity, and the TAs spent a week writing, testing, and revising their activities. The next week,
the secondary students visited to conduct the hands-on chemistry activities. This was followed by
a week in which the TAs independently completed reflection forms about the visit, collectively
discussed common challenges to effective communication with the secondary student audience,
and revised the experiment in preparation for teaching it to a new group of secondary students.
After facilitating the experiment across two visits, each TA group prepared a new hands-on
experiment and the process would repeat. According to prior studies, this iterative model shifts
teachers’ perspective on lesson plans from standardized teaching strategies to more creative
methods for communicating the material.246

Training and Information (2 weeks)
Preparation/Reflection
(1 week, 4 times, 2 experiments)

Teaching Experiments
(1 week, 4 times, 2 experiments)

Independent Projects (2 weeks)
Figure 47: Chemistry 010's schedule for the 10-week semester, based on an iterative planning,
teaching, and reflection model.

6.2.3 Training and Information
To prepare the TAs for the teaching experience, we spent the first two weeks of the
course offering best practices for teaching chemistry labs and providing background information
on the secondary school system of West Philadelphia. For best practices, we emphasized safety as
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the top priority, then reviewed how teachers can act as both supervisors and mentors in the lab
environment. In the background information, we discussed the economic disparity between Penn
and West Philadelphia to prepare the TAs for what perspectives the secondary students will bring
with them. We also reviewed the differences between teaching in secondary school and higher
education so the TAs may better tailor their teaching style to their audience.

6.2.4 Preparation
The TAs worked in teams of two or three to design the experiments. In Spring 2016,
Chemistry 010 instructors chose the themes for experiments such as thermodynamics and
chemical reactions to help guide experimental design and directly support the chemistry
curriculum. Through the proposal process, instructors ensured that duplicate experiments were
not selected. Afterwards, the TAs tested their experiments in the lab during the class period. We
asked the students to keep track of the amounts of materials and glassware used and to create a
shopping list of materials that would scale-up to 100 students within a given budget.
The TAs also prepared an accompanying worksheet for their experiments. These
worksheets were compiled into a workbook and distributed to each secondary student during their
visit. We originally advised the TAs to format their worksheet with the following sections:
Introduction, Procedure, Data, Observations, and Conclusions. At the suggestion of one of our
teacher partners, we added a “Do Now” and “Exit Ticket” to the beginning and end respectively
of each worksheet. The “Do Now” and “Exit Ticket” are formative assessment strategies
currently employed at our partner high schools. They consist of one or two content-based
questions that probe understanding before and after a learning experience. Including these
sections not only provided the TAs and teacher partners with assessment tools, but it also
provided format continuity for the high school students between their classroom experience and
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their visit to Penn. These workbooks were provided to the teacher partners prior to their visit to
confirm that the experiments of the visit would align with their curriculum.
Finally, the TAs prepared instructor’s guides as they optimized their experiments. These
TA Notes provide preparation methods and suggestions on how to make the experiment
successful. Such tips include troubleshooting techniques and additional experimental options
should a teacher wish to extend the length of the experiment. The TA notes are offered to teacher
partners alongside the workbook should they wish to implement the experiments in their
classroom.

6.2.5 Experiments
Every lab station lasted 20 minutes, during which the TAs guided their group of
secondary students through an experiment. Each group of 2-3 TAs taught a maximum of 8
secondary students per 20-minute block. Time management during the 20-minute block was
determined by the TAs. Teaching methods were also dictated by the TAs; many students opened
with a general introduction, followed by opportunities for cooperative learning.247 The secondary
students would follow and complete their workbooks alongside the guidance of the TAs. After
the 20 minutes, the secondary students would wrap up their experiments and rotate to the next
section. A total of 6 rotations would be completed during the 3-hour visit to Penn, as outlined in
the generalized floor plan shown in Figure 49. The secondary students would then provide their
completed workbooks to their teacher partners for grading.
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Laboratory Floor Plan
Station 1

Each station…

Station 2

•

Shared Equipment

•

Station 3

•
•

Station 4
Shared Equipment

Station 5

Led by three
Undergraduates
Visited by eight
K-12 Students
Lasts 20 minutes
Equipped with…
o Fume shroud
o Sink
o Gas line
o Vacuum Line
o Outlets

Station 6

Figure 48: Floor plan for the school visits. Teaching associates (TAs) lead each station in groups
of two or three, while the secondary students move from one station to the next after completing
the experiment within the allotted 20 minutes.
Table 4 offers the chemistry concepts and laboratory skills that the experiments addressed
over the course of Fall 2015 and Spring 2016. There are additional topics that were not covered
by the TAs that could be pursued for future iterations of the course. For example, polymer
science248 and green chemistry249 could be future topics explored by the TAs. The majority of
TAs opted to adapt classic teaching experiments for their workbooks, but this course model could
also sustain an exploratory approach in which the TAs update previous experiment designs 250 or
test new experiments for emerging topics in chemistry.
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Table 4: Chemistry Concepts and Laboratory Skills
Addressed by Experiments Planned by TAs
Semester

Fall 2015

Spring 2016

Chemistry Concepts
Physical Properties
Color and Light
Temperature
Precision vs. Accuracy
Mixtures and Solutions
Nature and States of Matter
Stoichiometry
Acids and Bases
Kinetics
Thermodynamics
Redox reactions
Catalysis
Ideal Gas Law
Colligative Properties

Laboratory Skills
Safety
Scientific method
Measurements
Using hot plates
Spectroscopy
Mass balance
Safety
Titrations
Using micropipettes
Indicators
Data management
Reproducibility

6.2.6 Reflection
After hosting the secondary students, TAs were given a week to write reflections on the
success of their experiments, improvements for the next visit, and interactions with the secondary
students. Beyond being a useful gauge of TA progression through the course, writing reflections
about student interactions allows the TAs to think critically about their own teaching style and
build interpretive inferences about secondary student understanding.251 Reflections were graded
solely on completion. While thoroughness was not incentivized and there was no required word
limit, students were still eager to describe their experiences. The average word count per
reflection question was 67, but, as the binned histogram in Figure 50 shows, several of the TAs'
answers extended beyond 200 words.
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Figure 49: Histogram of the written reflections by TAs binned in increments of 10 by word
count. The average word count is 67 ± 44 words per reflection.

6.2.7 Independent Project
For the last two weeks of the course, the TAs completed an independent project, which
entailed writing a new hands-on experiment to bring to two school-day classrooms in West
Philadelphia public schools. The experiments were planned with the schools’ equipment and
safety in mind. As such, these experiments utilized food and nonhazardous consumer products to
ensure that materials could be transported to and from the school safely and guarantee the
secondary students’ safety. The TAs prepared a fresh worksheet to accompany the new
experiment. The goal of this portion of the course was to give the TAs insight on how a high
school environment differs from a chemistry laboratory experience.

6.2.8 Evaluation
As this was a course taken for credits, the TAs were offered a grade at the end of each
semester. Table 5 indicates the grade breakdown we used for this course in both semesters. Most
of the grade (60%) was dedicated to performance on out-of-class activities (discussions,
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reflections, and assignments), but the completion of this work was contingent on classroom
participation. The out-of-class activities were mainly graded based off completion, and there is
room to make these graded activities. Attendance was graded for every day, including training
and preparation periods. Lab leadership was determined by observation of the TAs during the
course by the instructor and their actions in leading their group.
Table 5: Grade Breakdown for Evaluation of TA Performance
Item

Percentage

Attendance and Participation

25

Lab Leadership

15

Workbook and TA Notes

30

Discussions and Reflections

30

6.3 ResultsXIII
6.3.1 Methodology
We analyzed the TA-written reflections qualitatively to gauge TA development over the
semester in terms of teaching, communication, and self-improvement. In Fall 2015, TAs wrote
four guided reflections that each had 15 questions. Response rates for the first and second
reflections were 100% (12 out of 12). For the third and fourth reflections, response rates were
91.67% (11 out of 12) and 83.33% (10 out of 12), respectively. In Spring 2016, TAs wrote three
guided reflections to the same 15 questions asked from Fall 2015. The response rate for the first
reflection was 100% (14 out of 14). The second and third reflections had the same response rate
of 85.71% (12 out of 14).

XIII
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Text analysis conducted by Joanna Chae and Mara L. Greenburg.

6.3.2 Feedback on the Service-Learning Course Structure
Among the learning goals listed for their activities, TAs mentioned not only chemistry
concepts such as colligative properties and solubility rules, but also laboratory skills such as how
to use hot plates and Bunsen burners. TAs would not have been able to teach these skills at the
school sites due to lack of equipment and resources. Therefore, the TAs had a broader range of
activities that they could facilitate because they were able to use Penn’s general chemistry lab
facilities.
The course’s schedule required TAs to reteach their experiments, to which TAs
responded favorably. One TA noted, “I think we made a lot of progress from week 1 to week 2,
and I am really looking forward to getting started with our next activity!” To improve, TAs most
frequently cited the need to shorten their introductory lectures to give more time for the
secondary students to complete their experiments. TAs also revised their handouts and laboratory
procedures for better comprehension within the allotted time. One student noted, “The shortening
of the handout and lecture time primarily led the way for more time for the carrying out of the
experiment itself. The students liked this because that put the ball more in their court and allowed
them to be more hands-on than before.” Some students also added demonstrations to increase
secondary student interest. Hence, the repetition allowed for TAs to improve upon their lab
procedures and instructional tools.
With 20 minutes to teach per secondary student group, TAs cited time as the biggest
problem in their first reflections (15 out of 26). In later reflections, lack of time was cited less of a
problem. Instead, finishing the activity within the given amount of time was what TAs liked
about their activities. One TA wrote, “Before, our first experiment had seemed simple to us, but
turned out to be confusing and difficult to explain. Keeping that in mind this past week, we chose
an activity that we could complete very quickly, and could explain with relative clarity to younger
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students.” With subsequent visits, TAs were able to simplify their activities and manage time
more wisely. TAs indicated that the 20 minute experiment block was long enough to teach
valuable chemistry concepts and short enough to hold the secondary students’ attention.

6.3.3 TAs as Instructors
Many TAs reflected on their roles as teachers, indicating that teaching was both more
challenging and rewarding than they had expected. Initial reflections focused on the difficulties of
managing secondary student interactions, including nonparticipation and teaching complex
scientific concepts to young students with little to no chemistry background. One TA wrote, “I
think one of our main problems was assuming that the students knew more information than they
did. This could be due to the fact that they were in middle school as opposed to high school.” In
later reflections, TAs wrote much more frequently about breaking secondary students into small
groups to ensure that each student completed a portion of the experiment.

To gauge

comprehension, TAs became adept at asking questions to the secondary students. One student
noted, “We routinely asked [the secondary students] questions and tried our best to guide them to
the correct answers.”
Almost universally, TAs stated that they preferred teaching high school students to
middle school students as high school students had much greater chemistry knowledge and the
ability to complete experiments independently. For example, one TA wrote, “This group of
students had more background knowledge about chemical reactions, so the introductory
discussions were more productive than in the previous visit.” Five TAs from Spring 2016
mentioned that high school students had few to no misconceptions about the chemistry concepts
that they were teaching.
Additionally, TAs frequently cited the importance of making real-world connections to
their lab activities. They noted that the secondary students seemed to learn more and show more
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enthusiasm when the experiment touched on concepts or materials relevant to their daily lives.
One TA noted, “I always had to bring up a real life example comparison for [the secondary
students] to finally be a little more engaged in what the experiment will be about.”
To formally assess the TAs’ perceptions of their scientific communication abilities with
the secondary students, reflections were analyzed for explanations of perceived improvement in
communication. All TAs (26 out of 26) noted at least one improvement that they felt made their
communication with the secondary students more successful. The most commonly cited
improvements are included in Figure 51. While each of the 26 TAs recognized at least one mode
of improvement, some offered multiple in their responses, leading to a sum of responses greater
than 26. Of these improvements, adapting the introduction to suit the secondary students’
background knowledge was deemed one of the most successful tactics by the TAs for improving
the learning experience for the secondary students.

Figure 50: Coded open-ended responses from TAs regarding methods of improving
communication with secondary students.
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6.3.4 TAs as Mentors
A few TAs mentioned they had conversations with the secondary students about pursuing
science in their future careers. One TA noted, “I think having high school students gave us an
opportunity to encourage them about their choices regarding the future, even though this topic
was outside that of the activity.” Some students mentioned that with more time, they would have
liked to make a personal connection with the secondary students about their postsecondary goals.
The setup of the course lends itself to opportunities for TAs to mentor and increase positive
attitudes of science and college among secondary students. Another TA noted, “I enjoyed being
able to meet so many [secondary] students in such a short period of time.” Mentorship
opportunities has been shown to leave sustained, impactful commitment between the students and
a course’s content.252,253

6.4 Outlook
Chemistry 010 was offered in Spring 2017, and we used this semester to further refine its
course design. We did not offer Chemistry 010 in the Fall because we found that, at that point in
their curriculum, the secondary students had not covered enough material that warrant hands-on
experiences. By Spring, the secondary students have progressed further in their chemistry
curriculum, which we believe creates a more substantive experience for both the secondary
students and TAs. We also changed the independent project portion so that multiple groups would
attend the same classroom together. This reduces logistical considerations that have to be made
by both the TAs and teacher partners, effectively streamlining this component of the course
without diminishing the opportunity for the TAs to experience teaching outside of Penn.
We have rostered the class for Spring 2018. We will use this semester to begin evaluative
measures of the course’s impact in several aspects. For example, TA pre- and post-surveys
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employing closed- and open-ended questions on competencies in communication will be
employed. Beyond the TAs, Figure 52 highlights the perceived benefits to the secondary
students, public school teachers, and university instructors that led to Chemistry 010’s
manifestation. In order for this course model to be sustainable, every party involved must benefit,
so future work will focus on verifying these perceived benefits. For example, pre- and post-lab
surveys provided to the secondary students could evaluate if Chemistry 010 improves their STEM
content understanding, scientific aptitude, and appreciation for STEM experiences.

Figure 51: Overview of benefits of CHEM 010 to TAs, K-12 students, university instructors, and
public school teachers. The arrows indicate the interaction through which some of the benefits are
realized.
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6.5 ConclusionsXIV
We have described a chemistry service-learning course that provides TAs with
opportunities to improve their scientific communication abilities. An analysis of written
reflections from TAs indicates that the mentorship opportunities were valued, while time and
secondary background knowledge led to challenges. By revising and re-teaching chemistry
experiments, TAs explored different techniques to improve upon their written and oral science
communication skills. While additional evaluation tools are needed to quantify the extent to
which TAs improved upon their content knowledge, the reflections revealed that Chemistry 010
had an effective course structure for TAs to explore and assess their competencies to teach and
communicate scientific concepts.

XIV

Special thanks to Dr. Jenine Maeyer for co-leading this course and the Netter Center for Community

Partnerships for financial and logistical support.
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